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PREFACE 


Many  besides  the  three  authors  of  this  sixth  volume  of  the  Annals  have  united 
to  yield  the  numerous  and  interesting  results  here  presented.  Not  least  among  these 
was  the  late  Frederick  E.  Fowle,  for  more  than  40  years  in  active  research  at  the 
Astrophysical  Observatory,  whose  lamented  death  occurred  on  April  22,  1940,  after 
a  long  illness.  His  investigations,  especially  those  relating  to  the  atmospheric  absorp¬ 
tion  of  water  vapor  and  ozone,  are  continually  made  use  of  in  our  present  solar- 
radiation  researches. 

Among  field  observers  who  have  had  a  large  part  in  the  observations  recorded 
in  this  volume,  Alfred  F.  Moore,  Frederick  A.  Greeley,  Harlan  H.  Zodtner,  and 
C.  P.  Butler  deserve  special  mention.  Besides  these,  many  others,  whose  names  will 
be  found  in  chapter  1,  have  contributed  greatly  to  the  field  work. 

Among  the  Washington  staff,  special  mention  is  due  Mrs.  A.  M.  Bond,  whose 
devotion  to  the  work,  and  keen  critical  understanding  of  it,  have  been  invaluable. 
Meritoriously  associated  with  her  in  the  laborious  computations  for  many  years  has 
been  Miss  Lena  B.  Simpson.  Not  less  valuable  has  been  the  devotion  to  the  task  of 
Miss  M.  A.  Neill,  whose  assistance  in  correspondence  and  sending  supplies  for  the 
stations  in  the  field  has  helped  greatly  to  keep  them  in  effective  operation,  and  whose 
accurate  transcriptions  of  the  immense  mass  of  tabular  matter  and  careful  reading 
of  proofs  is  highly  appreciated. 

To  the  editor,  Webster  P.  True,  his  assistant,  Miss  Ruth  B.  MacManus,  and  the 
printers,  the  Lord  Baltimore  Press,  thanks  are  also  due  for  careful  work  upon  this 
volume. 

Without  the  continued  helpful  suggestions  and  munificent  financial  support  of 
John  A.  Roebling  the  work  could  never  have  reached  the  stage  reported  here.  To 
him  our  most  sincerely  appreciative  acknowledgments  are  offered. 
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Chapter  1 


ANNALS,  1931-1940 

The  following  selections  from  the  annual  reports  of  the  Director,  state  the 
progress  of  the  work  from  the  date  of  publication  of  volume  5  of  these  Annals  to 
include  the  year  1940. 

FISCAL  YEAR  1931 

WORK  AT  WASHINGTON 

Funds  having  been  appropriated  by  the  Congress  to  print  volume  5  of  the  Annals 
of  the  Astrophysical  Observatory,  the  year  was  spent  principally  in  preparing  text, 
tables,  and  illustrations  expressing  the  results  of  observations  made  since  August 
1920  at  the  several  stations. 

As  stated  in  previous  reports,  much  effort  had  already  been  expended  in  reducing 
the  observations  made  at  Table  Mountain,  Calif.,  but  without  satisfactory  results. 
The  atmosphere  above  Table  Mountain,  though  to  the  eye  appearing  very  fine  and 
clear,  contains  variable  amounts  of  ozone,  water  vapor,  and  dust,  which  produce 
embarrassing  difficulties  in  computing  the  solar  constant  of  radiation.  Daily  measure¬ 
ments  of  the  amount  of  atmospheric  ozone  by  the  method  of  Dobson  had  been  in 
progress  at  Table  Mountain,  since  August  1928,  but  they  require  fully  as  much  time 
for  reduction  as  does  the  solar  constant  itself.  Fortunately,  as  described  in  last  year’s 
report,  we  were  able  to  devise  a  simple  method  based  on  our  holographic  work 
whereby  corrections  can  be  made  easily  for  the  absorption  of  ozone  on  all  days  when 
solar-constant  measures  are  made  at  Table  Mountain.  All  the  Table  Mountain  solar- 
constant  values  from  the  beginning  there  in  1925  have  now  been  corrected  for  ozone 
absorption. 

The  changes  of  haziness  and  of  absorption  associated  with  variations  of  atmos¬ 
pheric  water  vapor  make  a  difficulty  of  a  more  serious  nature.  After  several  unsuc¬ 
cessful  attempts  to  vary  the  Montezuma  procedure  to  suit  Table  Mountain  conditions, 
the  process  of  reduction  of  the  short-method  solar-constant  determinations  at  Table 
Mountain  was  radically  changed.  It  will  be  recalled  that  the  essence  of  the  short 
method  consists  in  employing  pyranometer  measurements  of  the  brightness  of  the 
sky  near  the  sun  as  an  index  of  the  prevailing  atmospheric  transparency. 
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If  the  brightness  of  the  sky  were  unaffected 
by  varying  quantities  of  smoke  or  dust,  we  should 
expect  the  normal  change  of  its  brightness  from 
day  to  day  to  be  exactly  determined  by  the  quan¬ 
tity  of  atmospheric  water  vapor  prevailing.  In 
other  words,  there  would  be  a  normal  relation 
between  pyranometry,  precipitable  atmospheric 
water  vapor,  and  atmospheric  transparency,  for 
the  different  wave  lengths.  But  if  unusual  degrees 
of  dustiness  or  smokiness  prevail,  then  the  pyra- 
nometer  will  record  a  positive  or  negative  excess 
from  the  normal  value  proper  to  the  prevailing 
quantity  of  precipitable  water.  This  “excess”  will 
be  associated  with  changes  in  the  atmospheric 
transmission  coefficients  for  all  wave  lengths. 

On  these  lines  we  have  worked  out  new  varie¬ 
ties  of  the  short  method  of  determining  the  solar 
constant  of  radiation  applicable  to  conditions  at 
Table  Mountain  and  Mount  Brukkaros.  We  have 
reduced  all  the  observations  made  at  these  stations 
according  to  these  new  methods.  Great  improve¬ 
ment  in  their  solar-constant  determinations  re¬ 
sulted,  although  it  must  be  confessed  that  neither 
of  these  two  stations  yields  results  as  generally 
satisfactory  as  does  Montezuma. 

COMPARISON  OF  RESULTS 

With  the  completion  of  the  reduction  of  all 
the  solar-constant  observations  from  the  three 
field  stations  results  of  much  interest  are  found 
by  comparing  them.  Figure  i  shows  the  monthly 
mean  solar-constant  values  derived  from  Table 
Mountain,  Montezuma,  and  Mount  Brukkaros 
since  1926.  The  probable  error  of  the  weighted 
mean  curve  shown  as  a  heavy  line  in  Figure  1  is 
less  than  0.1  percent.  In  short,  it  is  adequately 
accurate  to  show  all  that  needs  be  known  of 
the  general  march  of  solar  variation. 

The  extreme  range  of  it  is  2.8  percent.  Al¬ 
though  apparently  so  irregular,  the  march  of  solar 
variation  may  be  expressed  with  surprising  fidelity 
as  the  sum  of  five  regular  periodicities,  of  68,  45, 
25,  11,  and  8  months’  intervals.  It  is  interesting 
to  note  that,  though  derived  with  no  regard  to  it, 
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all  of  these  intervals  turn  out  to  be  nearly  related  to  the  ii^-year  sunspot  period. 
Thus  68  months  is  its  half,  45  months  its  third,  and  so  on.  Other  periods  are  found 
which  are  not  so  long-lived  as  these.  Thus,  periods  of  45  and  5.6  days,  respectively, 
lasted  throughout  the  year  1924. 

An  attempt  was  made  to  represent  the  temperatures  of  Washington,  D.  C.,  and 
Williston,  N.  Dak.,  as  made  up  of  periodicities  having  these  same  five  intervals,  68,  45, 
25,  11,  and  8  months.  It  proved  necessary  to  add  a  period  of  18  months  in  each  case. 
The  original  temperature  curves  are  found  by  taking  consecutive  means  of  5 -month 
departures  from  normal.  Thus,  1/5  (Jan.+Feb.+Mar.+Apr.+May) ;  1/5  (Feb.+ 
Mar.+Apr.+May+June),  and  so  on.  This  eliminates  the  shorter  irregularities 
and  brings  out  prominently  the  principal  departures  from  normal  temperature  that 
have  occurred  since  1918. 

Similarly  consecutive  mean  curves  were  prepared  representing  the  observed 
march  of  temperature  as  the  sum  of  the  six  periodicities  above  described.  I  do  not 
insist  that  this  method  of  treatment  gives  certainty  as  yet,  but  I  look  forward  for  five 
more  years  to  1936,  when  it  can  be  subjected  to  a  more  rigorous  test.  Time  will  show 
whether  or  not  it  is  the  germ  of  the  method  of  forecasting  weather  for  future  years, 
to  which  Langley  looked  forward  when  he  founded  the  Astrophysical  Observatory. 

The  comparison  of  stations  shows  that  the  daily  solar-constant  values  are  not  as 
accurate  as  are  needed.  Montezuma  results  are  by  far  the  best.  Yet  they  lack  many 
days  of  completeness  and  many  days  represented  are  unsatisfactory.  It  is  indeed 
almost  beyond  the  limit  of  possible  accuracy  to  observe  the  solar  constant  day  after 
day  with  such  exactness  that  the  differences  between  the  absolute  values  shall  always 
evaluate  changes  correctly  if  reaching  one-third  of  1  percent  or  more.  This  is  what 
is  needed.  We  have  in  mind  a  few  improvements  which  may  bring  us  to  this  degree 
of  accuracy  at  Montezuma,  but  unless  other  stations  superior  to  Table  Mountain  and 
Brukkaros  are  found  it  seems  doubtful  if  fully  satisfactory  daily  values  are  obtainable 
to  supplement  the  Montezuma  record. 

Further  studies  made  during  the  year  tend  to  confirm  the  impression  stated  in 
last  year’s  report  that  temperatures  and  barometric  pressures  in  the  United  States 
respond  by  opposite  trends  to  positive  and  negative  sequences  of  change  in  daily  solar- 
radiation  values.  As  yet,  however,  the  evidence  is  not  fully  satisfactory  owing  to  the 
imperfection  of  the  daily  record  of  solar  changes,  as  just  explained. 

To  promote  statistical  studies  along  these  lines,  a  new  instrument  designed  to 
discover  and  evaluate  periodicities  in  solar  and  weather  records  has  been  designed. 
Its  construction  was  aided  by  a  grant  of  $1,000  from  the  Research  Corporation  of  New 
York.  At  the  close  of  the  fiscal  year  the  instrument  was  almost  ready  for  use,  having 
been  constructed  by  A.  Kramer  at  the  instrument  shop  of  the  Observatory. 

FIELD  STATIONS 

In  cooperation  with  Dr.  Wulf,  of  the  Fixed  Nitrogen  Research  Laboratory,  of 
the  Department  of  Agriculture,  an  investigation  has  been  carried  through  at  Table 
Mountain,  Calif.,  on  the  absorption  of  well-determined  quantities  of  ozone  in  the 
visible  spectrum.  In  this  research,  ozone-laden  air  contained  in  special  absorption 
cells  was  interposed  before  the  slit  of  the  spectrobolometer  which  records  the  energy 
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of  the  solar  spectrum.  A  new,  independent  method  of  determining  the  atmospheric 
ozone  content  was  worked  out  and  applied.  Its  results  agree  nearly  with  those  deter¬ 
mined  by  the  method  of  Dobson. 

Impressed  by  the  probability  of  useful  weather  applications,  Mr.  Roebling  has 
made  a  further  grant  to  finance  an  expedition  of  a  year’s  duration  in  Africa  and  out¬ 
lying  regions  to  endeavor  to  find  a  site  equal  to  Montezuma,  Chile,  for  solar-radiation 
work.  Accompanied  by  Mrs.  Moore,  A.  F.  Moore,  who  has  had  long  experience  at 
our  mountain  observatories,  occupied  Fogo  Island  peak  in  the  Cape  Verde  Islands  for 
several  weeks,  and  is  now  in  South-West  Africa  testing  various  high  mountain  sites 
in  comparison  with  Mount  Brukkaros. 

PERSONNEL 

At  Washington  the  personnel  is  unchanged  since  the  last  report,  except  that 
Oliver  Grant  served  as  additional  computer  throughout  the  year  in  the  preparation 
of  volume  5  of  the  Annals.  Also  George  Cox  served  from  November  1930  on  the 
reduction  of  ozone  observations  and  other  computing.  Both  young  men  were  com¬ 
pensated  from  the  Roebling  funds. 

C.  P.  Butler,  formerly  assistant  at  Montezuma,  was  placed  in  charge  of  that 
station  on  January  11,  1931,  vice  H.  H.  Zodtner,  transferred  to  Table  Mountain  to 
carry  on  there  during  the  absence  of  A.  F.  Moore.  Walter  Watson,  jr.,  reported  for 
duty  as  assistant  at  Montezuma  February  1,  1931. 

FISCAL  YEAR  1932 

WORK  IN  WASHINGTON 

Volume  5  of  the  Annals  of  the  Observatory  was  printed  and  distributed  in  the 
spring  of  1932.  It  rehearses  the  annals  of  the  work  from  1920  to  1930;  describes 
the  stations  and  instruments  employed ;  discusses  the  sources  of  error  inherent  in  the 
use  of  the  bolometer,  the  pyranometer,  and  the  pyrheliometer,  and  their  application 
to  solar-constant  determinations.  It  explains  the  methods  now  in  use  at  the  several 
stations  for  measuring  solar  radiation ;  gives  long  tables  of  pyrheliometry  and  results 
of  bolometry,  pyrheliometry,  and  pyranometry  combined  in  daily  determinations  of 
the  solar  constant.  Finally,  it  gives  a  discussion  of  the  results  of  all  stations  for  the 
interval  1920-1930.  The  agreement  of  the  stations,  the  best  results  on  the  variability 
of  the  sun,  and  the  apparent  periodicities  in  solar  variation,  and  their  reflection  in 
weather  changes  are  set  forth. 

As  delegate  from  the  Smithsonian  Institution,  Dr.  Abbot  attended  the  Geo¬ 
graphical  Congress  at  Paris  and  the  one  hundredth  anniversary  meeting  of  the  British 
Association  for  the  Advancement  of  Science,  the  Faraday  celebration,  and  the  Max¬ 
well  celebration  in  London  and  Cambridge.  He  delivered  a  paper  before  the  British 
Association  entitled  “Twenty-five  Years’  Study  of  Solar  Variation.” 

At  the  conclusion  of  the  meetings  he  went  to  Berlin,  and  with  Dr.  Martens  at 
Potsdam  he  made  an  accurate  comparison  between  silver-disk  pyrheliometers  S.  I.  5 bis, 
carried  abroad  with  him,  and  S.  I.  12,  the  property  since  1912  of  the  meteorological 
observatory  at  Potsdam.  Apparently  no  appreciable  change  of  scale  in  the  readings 
of  pyrheliometer  S.  I.  12  has  occurred  in  the  intervening  19  years.  This  result,  con- 
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firming  the  stability  of  scale  of  the  Smithsonian  silver-disk  pyrheliometers,  is  very 
gratifying. 

Owing  to  long-continued  illness,  Mr.  Fowle’s  work  was  practically  confined  to 
the  preparation  for  publication  of  a  new  edition  of  the  Smithsonian  Physical  Tables. 

Messrs.  Aldrich  and  Kramer  spent  much  time  on  instruments  for  pyrheliometry. 
After  long-continued  efforts  to  perfect  a  new  form  of  secondary  pyrheliometer  of 
much  promise,  the  instrument  was  laid  aside  for  a  time.  Following  the  suggestion 
of  the  Russian  physicist,  V.  M.  Shulgin,  a  new  2-chamber  water-flow  pyrheliometer 
was  put  in  construction.  The  instrument  comprises  two  pyrheliometers,  each  nearly 
like  that  described  in  the  Annals  of  the  Astrophysical  Observatory,  volume  3,  page  52. 
A  common  current  of  distilled  water,  carefully  guarded  against  temperature  changes, 
divides  into  two  nearly  equal  branches  to  operate  the  two  instruments.  Solar  heating 
in  the  one  is  compensated  by  electrical  heating  in  the  other,  interchanging  the  two 
instruments  at  intervals  of  2  minutes.  The  measurement  consists  only  in  adjusting 
and  observing  the  required  electric  current  to  compensate  exactly  the  solar  heating, 
so  that  the  two  water  currents  issue  at  exactly  equal  temperatures.  Equality  of  their 
temperatures  is  indicated  by  eight  thermoelectric  elements  connected  in  series  with 
their  junctions  alternately  immersed  in  the  two  issuing  water  currents. 

This  instrument,  called  water-flow  pyrheliometer  No.  5,  was  finished  in  May 
1932.  Immediately  afterward  Messrs.  Aldrich  and  Kramer  constructed  a  doubly  dis¬ 
persing  spectroscope  designed  to  observe  the  extreme  infrared  solar  spectrum  between 
wave  lengths  10  and  30  microns.  This  is  the  spectral  region  wherein  the  earth  emits 
radiation  most  strongly.  As  the  sun  rays  come  through  the  atmosphere  much  as  the 
earth  rays  pass  out  through  it,  the  instrument  was  intended  to  measure  accurately 
the  transmission  of  the  atmosphere  to  earth  rays,  a  subject  fundamental  to 
meteorology. 

A  large  diffraction  grating  of  25  lines  per  millimeter  was  very  kindly  ruled  for 
this  instrument  by  Dr.  FI.  D.  Babcock,  of  the  Mount  Wilson  Observatory,  by  coopera¬ 
tion  of  Director  W.  S.  Adams.  A  potassium-iodide  prism  for  the  second  dispersion 
was  kindly  loaned  by  the  University  of  Michigan.  The  instrument  was  completed 
about  June  1,  1932,  and  shipped  to  Mount  Wilson,  Calif. 

Mrs.  A.  M.  Bond  and  Dr.  Abbot  did  a  great  deal  of  work  on  the  investigation 
of  periodicities  in  solar  and  terrestrial  phenomena  by  the  aid  of  the  periodometer, 
referred  to  in  last  year’s  report.  Several  papers  descriptive  of  this  work  will  be  found 
in  the  Smithsonian  Miscellaneous  Collections:  volume  85,  No.  1,  and  volume  87,  Nos. 
4  and  9. 

FIELD  WORK  AT  MOUNT  WILSON 

Messrs.  Abbot  and  Aldrich  left  Washington  about  June  4,  1932,  to  conduct 
experiments  on  Mount  Wilson.  They  obtained  excellent  comparisons  between  water- 
flow  pyrheliometer  No.  5  and  silver-disk  pyrheliometer  S.  I.  5bls  during  June.  These 
results,  it  is  believed,  fix  the  standard  scale  of  solar  radiation  to  within  0.2  percent. 
The  expedition  was  continued  through  the  summer.  Its  results  will  be  described  in 
next  year’s  report. 
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A.  F.  MOORE’S  EXPEDITION 

As  stated  in  last  year’s  report,  Mr.  and  Mrs.  A.  F.  Moore  have  been  engaged  in 
testing  the  availability  of  certain  high  mountains  in  Africa  as  solar-constant  stations. 
Their  observations  at  Fogo  in  the  Cape  Verde  Islands  and  on  some  half  dozen  peaks 
in  South-West  Africa  revealed  nothing  sufficiently  favorable.  All  these  stations  were 
too  much  affected  by  high-lying  haze  in  the  atmosphere  to  be  satisfactory.  From 
South-West  Africa  Mr.  and  Mrs.  Moore  went  to  Mount  St.  Katherine,  in  the  Sinai 
Peninsula  in  Egypt.  With  the  good  will  and  much  aid  from  the  archbishop  and  monks 
of  the  monastery  nearby,  Mr.  and  Mrs.  Moore  carried  on  observations  for  about  100 
days  in  April,  May,  June,  and  July,  1932,  at  the  peak,  the  elevation  of  which  is  about 
8,600  feet.  The  results  are  the  most  favorable  they  found  anywhere.  About  half  the 
days  are  reported  as  excellent  or  satisfactory,  the  remainder  as  hazy  or  cloudy. 
Inquiries  indicate  that  the  other  parts  of  the  year  will  be  still  more  favorable.  Mr. 
Moore  believes  that  many  of  the  hazy  days  might  have  yielded  good  solar-constant 
values,  for  the  haze  changes  but  slowly,  owing  to  the  extraordinarily  calm  conditions 
which  prevail  on  Mount  St.  Katherine  continually. 

PERSONNEL 

At  Washington,  in  compliance  with  the  President’s  wishes  to  make  all  possible 
curtailment  of  expenditures  in  view  of  the  growing  deficit  in  the  Treasury,  the  force 
was  reduced  by  releasing  Mrs.  Muriel  D.  Johnson,  computer,  after  the  completion  of 
volume  5  of  the  Annals.  L.  O.  Sordahl,  formerly  in  charge  of  the  Mount  Brukkaros 
station  and  who  had  rendered  able  service  in  that  connection,  was  released  because 
of  the  discontinuance  of  that  observatory  as  of  June  30,  1932.  No  other  changes 
occurred  at  any  of  the  stations. 


FISCAL  YEAR  1933 

WORK  IN  WASHINGTON 

With  the  publication  of  volume  5  of  the  Annals  there  was  available  a  long  series 
of  solar-constant  measurements  adapted  for  study  of  the  variation  of  the  sun  and 
the  dependence  of  terrestrial  temperatures  thereon.  Seven  regular  periodicities  were 
discovered  in  the  variation  of  the  sun,  having  intervals  of  approximately  7,  8,  1 1,  21, 
25,  45,  and  68  months.  The  observations  reported  in  volume  5  of  the  Annals  closed 
with  the  year  1930.  A  revision  of  the  periodicities  based  upon  observations  from  1924 
to  1932  was  undertaken  by  Dr.  Abbot.  The  periodic  terms  when  summed  up  repre¬ 
sented  the  fluctuation  within  an  average  departure  of  less  than  one-tenth  of  1  percent. 
He  ventured  to  forecast  the  fluctuation  of  the  solar  radiation  to  the  end  of  the  year 
1934  as  based  on  this  analysis. 

MOUNT  ST.  KATHERINE  EXPEDITION 

Financed  by  the  generosity  of  John  A.  Roebling,  an  expedition  under  the  charge 
of  Harlan  H.  Zodtner,  assisted  by  Frederick  A.  Greeley,  was  prepared  and  dispatched 
to  occupy  Mount  St.  Katherine  near  Mount  Sinai  in  Egypt.  The  expedition  went 
forward  in  March  1933.  Arrangements  had  been  made  with  the  Convent  of  Mount 
Sinai  to  construct  trails,  protect  the  springs  from  pollution,  and  prepare  the  buildings 


ANNALS  OF  THE  ASTROPH YSICAL  OBSERVATORY 


7 


for  observing  and  quarters  for  the  observers  at  the  summit  of  Mount  St.  Katherine. 
A  recent  report  indicates  that  the  preparations  are  far  advanced. 

MOUNT  WILSON  EXPEDITION 

Messrs.  Abbot  and  Aldrich  continued  the  occupation  of  the  station  at  Mount 
Wilson  up  to  September  1932  for  the  purpose  of  attempting  measurements  of  the  solar 
spectrum  for  very  long  wave  lengths,  from  8  to  30  microns,  far  down  in  the  infrared. 
The  ultimate  object  of  these  studies  is  to  determine  the  transparency  of  the  atmosphere 
for  these  long  wave  lengths  and  its  dependence  on  the  atmospheric  humidity,  but  more 
especially  on  the  quantity  of  atmospheric  ozone.  It  is  believed  that  the  temperature 
of  the  earth  may  probably  depend  intimately  on  the  absorption  of  outgoing  earth  rays 
produced  by  the  ozone  of  the  atmosphere.  Measurements  made  in  the  ultraviolet 
spectrum  have  indicated  that  the  ozone  content  of  the  atmosphere  is  variable  and  that 
the  variations  are  associated  with  the  sunspot  numbers.  Inasmuch  as  an  important 
band  of  absorption  by  ozone  occurs  at  exactly  the  only  region  of  the  terrestrial 
spectrum  where  the  atmosphere  is  otherwise  highly  transparent,  it  is  very  probable 
that  the  variation  in  the  atmospheric  ozone  is  an  important  weather  phenomenon. 
The  difficulties  of  observing  in  this  region  are  very  great.  The  solar  spectrum  there 
is  extremely  feeble  compared  with  regions  of  lesser  wave  length,  and  a  great  deal 
of  the  shorter  wave  length  rays  are  scattered  into  the  long-wave  region  which  must 
be  studied.  Accordingly  a  double  spectroscopic  arrangement  must  be  provided  to 
produce  a  better  spectrum.  This  not  only  complicates  the  apparatus  but  requires 
exceedingly  sensitive  radiation-measuring  devices  to  observe  the  feeble  indications 
of  energy.  Computation  showed  that  neither  the  bolometer,  the  thermopile,  nor  the 
radiometer  appeared  adequate  for  the  purpose.  Dr.  Abbot  was  fortunate  in  recalling 
the  special  radiation-measuring  device  which  he  invented  about  25  years  ago,  and  in 
very  greatly  improving  its  construction  so  that  it  becomes  of  the  very  highest  sensi¬ 
tiveness.  The  description  of  this  instrument  which  he  prepared  and  used  at  Mount 
Wilson  was  published  in  February  1933  under  the  title  “The  Kampometer,  a  New 
Instrument  of  Extreme  Sensitiveness  for  Measuring  Radiation.” 

Considerable  time  at  Mount  Wilson  was  occupied  in  devising  and  constructing 
and  learning  to  use  this  instrument,  but  Messrs.  Abbot  and  Aldrich  before  their 
departure  were  able  to  make  certain  preliminary  measurements  in  the  solar  spectrum 
at  very  long  wave  lengths  which  indicated  that  sufficient  sensitiveness  is  available. 

Attempts  are  under  way  to  improve  the  kampometer  by  the  substitution  of 
bimetallic  strips  composed  of  cadmium  and  molybdenum  and  by  more  exact  construc¬ 
tion.  Also  the  double  spectroscope  is  being  rebuilt,  and  it  is  believed  that  an  expedition 
in  1934,  if  that  be  possible,  may  add  valuable  knowledge  of  the  extreme  infrared 
solar  spectrum. 

OTHER  FIELD  STATIONS 

The  volcanic  eruption  in  southern  Chile  early  in  the  year  1932  having  temporarily 
spoiled  the  atmosphere  for  observing  at  Montezuma,  we  took  advantage  of  the  break 
in  continuity  of  observations  to  improve  the  apparatus  by  substituting  pyrheliometers 
of  the  newest  type  and  a  new  pyranometer  with  improved  sun  shade,  and  have  under¬ 
taken  to  revise  the  method  of  computing  in  accordance  with  the  latest  method  developed 
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at  Table  Mountain.  These  extensive  alterations  in  apparatus  and  procedure  prevent 
the  working  out  of  the  solar-constant  values  until  the  method  is  fully  complete  and 
tested.  When  that  occurs  the  values  from  the  Montezuma  station  will  be  available 
back  to  about  the  middle  of  the  year  1932,  leaving  a  break  of  only  2  or  3  months  when 
the  volcanic  ash  was  at  its  maximum. 

PERSONNEL 

M.  Keith  Baughman  was  employed  as  bolometric  assistant  at  Table  Mountain 
from  November  21,  1932,  to  May  31,  1933.  A.  F.  Moore  returned  from  detached 
service  to  be  director  at  Table  Mountain.  Harlan  H.  Zodtner  and  Frederick  A. 
Greeley  were  released  from  duty  at  Table  Mountain  for  detached  service  on  the  Mount 
St.  Katherine  Expedition. 

FISCAL  YEAR  1934 

WORK  AT  WASHINGTON 

Messrs.  Aldrich  and  Fowle  and  Mrs.  Bond  completed  the  statistical  analysis 
of  the  observations  made  at  Mount  Montezuma  since  1932.  Thereby  an  improved 
method  of  reduction  was  worked  up,  which  is  now  in  regular  use  at  Montezuma. 
Increased  accuracy  over  the  former  method  has  resulted. 

Mr.  Fowle’s  revision  of  the  Smithsonian  Physical  Tables  has  been  published  as 
the  Eighth  Revised  Edition,  greatly  enlarged.  Much  favorable  comment  has  come 
regarding  it. 

Director  Abbot,  with  the  assistance  of  Mrs.  Bond,  has  continued  the  study  of 
solar  variation  with  reference  to  weather  changes.  Several  papers  thereon  have  been 
published. 

WORK  IN  THE  FIELD 

By  the  generosity  of  John  A.  Roebling,  a  new  station  on  Mount  St.  Katherine 
near  Mount  Sinai,  Egypt,  was  occupied.  By  cooperation  of  His  Eminence  the  Arch¬ 
bishop  Porphyrio  III,  the  buildings,  consisting  of  the  observatory  and  a  nearby 
dwelling  and  shop,  and  the  approaches  thereto  over  the  excessively  rough  mountain 
were  built  by  the  St.  Katherine  Monastery.  The  monastery  also  undertakes  to  carry 
forward  the  supplies  by  camel  train  from  Tor  on  the  Red  Sea. 

The  station  is  at  an  elevation  of  about  8,500  feet  in  a  wildly  mountainous  region, 
destitute  of  vegetation  and  almost  destitute  of  rainfall.  It  is  difficultly  accessible.  The 
staff  comprises  II .  H.  Zodtner,  with  wife  and  two  infant  children,  and  F.  A.  Greeley. 
Observations  were  begun  in  December  1933  and  have  proceeded  regularly.  It  is  yet 
too  soon  to  be  sure  how  satisfactory  the  meteorological  conditions  will  prove,  but 
while  the  station  is  not  equal  to  Mount  Montezuma,  it  is  believed  to  be  superior  to 
Table  Mountain  in  this  respect. 

PERSONNEL 

No  changes  have  occurred  from  last  year’s  list,  except  that  Wilson  R.  Maltby 
succeeded  Walter  Watson,  Jr.,  as  assistant  at  Mount  Montezuma  on  June  23,  1933, 
Mr.  Watson  reporting  as  assistant  at  Table  Mountain. 
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FISCAL  YEAR  1935 

REVISION  OF  SOLAR-CONSTANT  METHODS 

Records  of  daily  observations  at  Mount  St.  Katherine  since  December  1933  being 
available,  a  complete  reduction  of  them  was  undertaken  by  the  Assistant  Director, 
L.  B.  Aldrich.  Additional  assistance  was  generously  made  available  under  a  grant 
from  John  A.  Roebling,  so  that  at  times  as  many  as  six  computers  assisted  Mr. 
Aldrich  in  this  work.  By  these  means  he  was  able  to  compute  numerous  “long  method” 
values  of  the  solar  constant  of  radiation,  base  thereon  a  suitable  “short  method”  of 
reduction,  and  compute  so  many  values  by  the  short  method  as  to  show  that  the 
Egyptian  station  bids  fair  to  prove  of  high  excellence.  Although  the  complete  compu¬ 
tation  of  all  available  days  would  not  be  finished  before  August  1935,  Mr.  Roebling 
was  so  far  pleased  and  satisfied  with  the  results  from  Mount  St.  Katherine,  and  so 
impressed  with  the  need  of  this  cooperating  station,  that  in  June  1935  he  made  a 
further  grant  to  finance  its  occupation  as  a  solar  radiation  station  until  1938.  At  the 
same  time  he  provided  for  a  revision  and  extension  of  short-method  tables  for  the 
stations  at  Montezuma,  Chile,  and  Table  Mountain,  Calif.,  which  will  be  undertaken 
as  soon  as  the  work  of  reduction  for  Mount  St.  Katherine  is  completed.  It  is  pleasant 
to  recall  that  the  project  of  a  station  in  the  Old  World  was  initiated  under  a  grant 
from  the  National  Geographic  Society.  The  outfit  at  Mount  St.  Katherine,  originally 
employed  at  Mount  Brukkaros,  South-West  Africa,  is  the  gift  of  the  National  Geo¬ 
graphic  Society. 

Mr.  Roebling  also  made  it  possible  to  send  W.  H.  Hoover  with  supplies  to  inspect 
the  stations  at  Montezuma  and  Mount  St.  Katherine,  and  to  install  there  improved 
pyrheliometric  apparatus.  The  apparatus  referred  to  is  a  specially  constructed 
pyrheliometer  of  the  Angstrom  type.  It  is  to  be  read  as  often  as  possible  during 
bolometric  observations,  and  is  to  be  calibrated  daily,  or  nearly  so,  against  the  Abbot 
silver-disk  pyrheliometers  heretofore  used  for  daily  solar-radiation  observing.  In  this 
way  the  advantage  of  the  smaller  accidental  error  of  the  Angstrom-type  instrument 
will  be  combined  with  the  long-continued  stability  of  scale  of  the  silver-disk  pyrheli¬ 
ometer.  It  is  believed  that  the  accuracy  of  the  daily  values  of  the  solar  constant  will 
be  decidedly  enhanced  by  this  improved  apparatus,  and  by  the  revised  short-method 
tables.  Mr.  Hoover  visited  the  Montezuma  station  in  February  and  March,  1934, 
and  will  go  out  to  Egypt  in  September  or  October,  1935.  During  his  stay  at  Monte¬ 
zuma  all  parts  of  the  apparatus  and  methods  were  rechecked,  and  several  improve¬ 
ments  were  made. 

The  new  apparatus  above  referred  to  was  prepared  by  the  observatory  instru¬ 
ment  maker,  A.  Kramer,  and  the  fine  electrical  devices  therein  by  L.  B.  Aldrich. 

PERIODICITIES  IN  SOLAR  VARIATION  AND  WEATHER 

Studies  of  the  periodicities  which  superposed  make  up  the  variation  of  the 
solar  radiation  were  continued  by  Dr.  Abbot,  with  the  assistance,  as  computer,  of 
Miss  L.  B.  Simpson,  under  a  grant  from  Mr.  Roebling.  Using  the  best  available 
monthly  mean  values  of  the  solar  constant  from  1920  to  1934,  inclusive,  additional 
periodicities  of  9§,  34,  39J,  92,  and  276  months  were  found  in  the  variation  of  solar 
radiation  besides  the  seven  formerly  discovered  of  7,  8,  11,  21,  25,  46,  and  68  months 
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respectively.  All  12  are  approximately  integral  submultiples  of  23  years.  A  synthesis 
of  these  12  periodic  variations  in  the  solar  radiation  was  made.  The  synthesis  repre¬ 
sents  the  original  values  to  within  an  average  deviation  of  19/100  of  1  percent. 

Two  2-year  forecasts  of  solar  variation  were  prepared  in  1930  and  1932,  and 
were  approximately  verified  by  the  event.  The  maxima  and  minima  were  nearly 
correctly  forecasted  as  to  time,  but  the  curve  of  observation  separated  toward  the  end, 
as  well  as  in  1932,  from  the  curve  of  forecast.  These  defects  seem  likely  to  be  cor¬ 
rected  by  the  new  analysis,  and  a  forecast  for  3  years  in  advance  has  been  ventured. 

Having  so  satisfactorily  analyzed  the  variation  of  the  sun,  Dr.  Abbot  has  sought 
to  detect  the  influence  of  the  newly  discovered  solar  variations  on  weather.  For  this 
purpose  he  analyzed  the  prolonged  records  of  departures  from  normal  for  temperature 
and  precipitation  for  the  stations  Helsingfors,  Berlin,  Copenhagen,  Greenwich,  Cape 
Town,  and  Adelaide.  Monthly  mean  departures  were  computed  from  “World 
Weather  Records”  (recently  published  by  the  Smithsonian  Institution  under  grants 
from  Mr.  Roebling).  For  greater  simplicity  the  departures  were  smoothed  by  5-month 
traveling  means.  They  were  then  analyzed  to  detect  the  solar  periodicities  above  listed, 
and  any  others  which  might  be  disclosed. 

As  a  result  Dr.  Abbot  was  convinced  that  all  the  12  solar  periodicities  named 
above  except  that  of  39^  months,  and  in  addition  several  others,  viz,  13.6,  55,  and  138 
months,  occur  in  both  temperature  and  precipitation  at  all  stations  investigated.  But 
changes  of  phase  in  the  periodicities  were  found  to  occur  occasionally.  An  important 
regularity  in  these  changes  of  phase  was  discovered.  They  are  apt  to  occur  abruptly 
at  times  which  are  integral  multiples  of  11^  years,  or  still  more  frequently  of  23  years 
after  January  1819. 

Having  discovered  the  importance  of  the  cycle  of  23  years,  both  as  least  common 
multiple  of  all  periodicities  disclosed  in  the  variation  of  the  sun  and  the  weather,  and 
also  as  a  master  key  to  changes  of  phase  in  weather  periodicities,  the  next  step  was 
to  inquire  if  this  cycle  appears  in  the  levels  of  lakes  and  streams,  the  life  cycles  of 
animals  and  plants,  and  in  other  terrestrial  phenomena  related  to  weather.  On  investi¬ 
gation,  the  23-year  cycle  was  disclosed  in  the  level  of  the  Nile  for  600  years,  the  levels 
of  the  Great  Lakes  since  1837,  the  catch  of  cod  and  mackerel  since  1812,  the  rainfall 
of  southern  New  England  since  1750,  the  thickness  of  tree  rings  in  many  localities 
and  over  many  centuries,  and  in  varves  of  Pleistocene  and  Eocene  geologic  time. 

Finally,  on  plotting  the  temperature  and  precipitation  of  more  than  30  stations 
distributed  over  the  United  States,  numerous  detailed  features  which  appeared  in  a 
cycle  of  23  years  seemed  to  repeat  themselves,  though  with  some  modifications  of 
phase  and  amplitude,  in  successive, cycles  of  23  years.  Assuming  that  this  phenomena 
will  continue,  forecasts  for  the  30  or  more  stations  for  1934,  1935,  and  1936  were 
prepared,  based  on  the  weather  of  the  preceding  half  century  or  more.  The  year 
1934  has  now  elapsed,  and  the  forecast  for  that  year  has  been  compared  with  the 
event.  The  predictions  for  1934  have  been  grouped  in  four  grades  of  success  in  the 
forecasts  both  of  temperature  and  precipitation.  They  are:  A,  excellent,  showing 
a  close  accord  throughout  the  year ;  B,  good,  nearly  as  satisfactory ;  C,  accordant  half 
the  time;  D,  bad,  showing  complete  disagreement.  Of  66  forecasts,  including  31  of 
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temperature  and  35  of  precipitation,  27  percent  are  of  grade  A,  42  percent  of  grade  B, 
17  percent  of  grade  C,  and  14  percent  of  grade  D. 

Reverting  to  the  levels  of  the  Great  Lakes,  not  only  the  23-year  cycles,  but  ap¬ 
parently  the  double  cycle  of  46  years,  are  of  great  importance.  The  latter  appears  to  be 
associated  with  the  drought  which  has  occurred  in  the  northwest-central  States  since 
about  1930.  It  is,  of  course,  plain  that  the  low  lake  levels  are  subject  to  a  lag  of 
perhaps  3  years  behind  the  drought  conditions  which  cause  them.  Hence  recovery 
may  be  expected  several  years  before  the  return  of  the  lakes  to  normal  levels. 

FIELD  WORK 

Observations  of  the  solar  radiation  have  gone  on  regularly  at  Table  Mountain, 
Calif. ;  Montezuma,  Chile ;  and  Mount  St.  Katherine,  Egypt.  Besides  the  solar  obser¬ 
vatories,  Mr.  Butler,  field  director  at  Montezuma,  at  his  own  initiative,  has  continued 
for  several  years  highly  valuable  seismographic  observations  there  in  cooperation 
with  the  United  States  Coast  and  Geodetic  Survey.  Also,  the  assistant  at  Montezuma, 
Mr.  Maltby,  has  undertaken  certain  cosmic-ray  work  in  cooperation  with  the  Massa¬ 
chusetts  Institute  of  Technology. 

For  several  years  the  observers  at  Table  Mountain,  Calif.,  carried  on  regular 
daily  and  nightly  measurements  of  astronomical  “seeing”  to  assist  in  selecting  the 
best  location  for  the  200-inch  telescope  of  the  California  Institute  of  Technology. 
The  “seeing”  at  Table  Mountain  proved  to  be  of  the  highest  excellence.  The  obser¬ 
vations  are  now  discontinued. 

The  expedition  of  Messrs.  Abbot  and  Aldrich  to  Mount  Wilson,  referred  to  in 
last  year’s  report,  proved  less  successful  than  was  at  first  thought.  The  comparison 
of  silver-disk  pyrheliometers  with  the  standard  water-flow  instrument  indeed  was 
highly  successful,  and  a  paper  thereon  has  been  published.  But  the  investigation  of 
the  extreme  infrared  solar  spectrum,  although  incidentally  leading  to  a  great  improve¬ 
ment  in  the  kampometer,  a  very  sensitive  radiation  instrument,  requires  further  im¬ 
provements  of  apparatus  for  success.  Observations  were  undertaken  in  cooperation 
with  Dr.  Joel  Stebbins  on  the  energy  spectra  of  the  stars.  In  this  experiment  the 
stellar-spectral  rays  were  selected  by  a  battery  of  Christiansen  filters,  and  the  intensities 
were  measured  by  means  of  the  Stebbins  photoelectric  cell.  Though  apparently 
promising,  the  results  were  found  to  be  vitiated  by  stray  light.  This  occurred  because 
the  photoelectric  cell  is  so  disproportionately  sensitive  at  certain  wave  lengths.  It  will 
be  necessary  to  substitute  some  other  receiver,  as  for  instance  the  thermoelectric  cell, 
if  energy  spectra  of  the  stars  are  to  be  observed. 

PERSONNEL 

No  change  has  occurred  in  the  regular  personnel.  Temporary  computers  under 
Roebling  grants  have  been  employed,  including  the  Misses  L.  B.  Simpson  and  Frances 
Holly,  Mrs.  F.  E.  Fowle,  and  E.  S.  Chappell,  Jr. 

FISCAL  YEAR  1936 

Dr.  Abbot  published  in  May  and  August  of  1936  two  papers  entitled,  respectively, 
“The  Dependence  of  Terrestrial  Temperatures  on  the  Variations  of  the  Sun’s  Radia- 
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tion  ’  and  “Further  Evidence  on  the  Dependence  of  Terrestrial  Temperatures  on  the 
Variations  of  Solar  Radiation.”  These  papers  appear  to  prove  that  the  short-interval 
changes  of  solar  radiation,  such  as  run  their  courses  in  a  few  days,  are  of  major 
influence  on  the  weather  for  the  ensuing  2  weeks  or  more.  Figure  2  of  the  first- 
mentioned  paper  shows  such  effects  for  the  temperature  of  W ashington.  The  curves 
shown  each  represent  the  average  results  for  some  10  to  20  cases  occurring  in  each 
month  of  the  year  for  the  period  1924-1935. 

It  is  observed  that  opposite  solar  changes  produce  opposite  temperature  effects ; 
that  these  effects  differ  from  month  to  month ;  that  other  investigations  reported  in 
the  papers  cited  show  that  they  also  differ  from  locality  to  locality;  that  the  effects 
are  of  large  magnitude,  sometimes  reaching  150  F.,  sufficient  indeed  to  account  for 
most  variations  from  the  normal  temperature;  that  these  effects  follow  solar  changes 
seldom  as  great  as  1.5  percent  and  averaging  only  about  0.7  percent. 

After  discussion  of  these  results  with  the  Chief  of  the  United  States  Weather 
Bureau  and  with  several  gentlemen  of  the  Weather  Bureau  Advisory  Committee, 
these  gentlemen  all  agreed  that  the  investigations  offered  reasonable  promise 
of  a  method  of  forecasting  some  features  of  the  weather  for  at  least  2  weeks  in 
advance.  They  unitedly  signed  a  memorandum  recommending  increased  support  to 
the  Astrophysical  Observatory  to  enable  it  to  set  up  seven  additional  solar  stations 
in  the  best  localities  of  the  world,  and  also  to  investigate  the  possibility  of  automatic 
determinations  of  solar  variability  from  sounding  balloons.  This  measure  was  ap¬ 
proved  by  the  President  and  the  Bureau  of  the  Budget,  passed  the  Senate  as  an  amend¬ 
ment  to  the  Urgent  Deficiency  Act,  but  was  rejected  in  conference  with  the  House. 

The  Institution  has  since  made  a  small  grant  from  private  funds  to  promote 
preliminary  studies  for  the  balloon  investigation  referred  to,  but  the  application  of 
solar-variation  observations  to  weather  forecasting  must  await  Government  support. 
The  necessary  expense  will  approximate  $200,000  a  year.  It  is  necessary  to  observe 
the  complete  solar  radiation  at  all  wave  lengths  nearly  every  single  day  to  an  accuracy 
of  1/5  of  1  percent  at  mountain  solar-constant  stations,  or  else  to  observe  daily  the 
intensity  of  a  certain  band  of  ultraviolet  solar  rays  from  sounding  balloons  at  an 
altitude  of  100,000  feet  or  more,  with  an  accuracy  of  2  percent  or  better.  Either 
plan  involves  difficulty  and  expense,  but  the  probable  advance  in  weather  forecasting 
seems  to  justify  it. 

In  August  1935  Dr.  Abbot  published  a  study  of  the  variation  found  in  the 
monthly  mean  values  of  the  solar  constant  of  radiation  since  the  year  1920.  This 
was  entitled  “Solar  Radiation  and  Weather  Studies.”  The  following  conclusions  are 
quoted  from  the  summary: 

1.  The  output  of  radiation  of  the  sun  varies,  as  proved  by  simultaneous  observations  at  three 
stations  remote  from  each  other. 

2.  The  solar  variation,  seemingly  irregular,  really  comprises  12  or  more  regular  periodicities, 
which  support  successful  predictions  of  solar  changes  for  years  in  advance. 

11.  Forecasts  based  on  these  relations  having  been  made  to  cover  the  years  1934,  1935,  and 
1936  for  more  than  30  stations  in  the  United  States,  these  forecasts  are  fairly  well  verified  both  as 
to  temperature  and  precipitation  in  1934. 

Although,  as  stated  in  conclusion  11,  fair  success  was  achieved  in  the  predictions 
for  the  year  1934,  the  success  was  less  complete  in  1935  and  1936.  Weather  details, 
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though  present,  were  found  to  be  displaced  in  time  so  much  as  to  invalidate  the  method 
for  detailed  predictions  more  than  a  year  in  advance.  This  partial  failure  is  believed 
to  be  caused  by  the  changes  of  phase  of  the  subordinate  periodicities  which  make 
up  the  23-year  cycle.  It  is  hoped  that  further  study  may  give  means  of  predicting 
these  changes  of  phase,  and  so  of  perfecting  the  method. 

But  while  the  prediction  of  details  is  thus  unsatisfactory,  certain  large  and  pro¬ 
longed  features,  like  the  great  drought  in  the  Northwest,  seem  to  be  very  clearly 
previsioned  by  the  cycle.  This  appears  plainly  in  the  accompanying  figure  2,  a  repro¬ 
duction  of  figure  26B  of  the  article.  It  is  very  plain  that  the  first  decades  of  each  of 
the  five  23-year  cycles  shown  there  were  marked  by  the  fall  of  the  level  of  Lake  Huron, 
but  that  this  depression  in  the  first,  third,  and  fifth  cycles  is  outstanding.  Thus  there 
seems  to  be  a  46-year  cycle  of  great  droughts,  and  while  moderate  drought  conditions 
may  be  expected  in  the  decade  1950-1960,  a  severe  drought  is  probable  in  the  decade 
1975  to  1985. 

The  present  drought  seems  comparable  to  those  of  the  decades  following  1840 
and  1890,  and  may  therefore  be  expected  to  last  for  a  year,  or  possibly  2  years  more 
before  the  initiation  of  recovery.  But  it  would  be  rash  to  make  a  more  definite 
prediction. 

PERSONNEL 

No  changes  of  personnel  have  occurred  other  than  the  shifting  of  observers 
from  one  field  station  to  another,  except  that  on  April  16,  1936,  Alfred  G.  Froiland 
reported  as  bolometric  assistant  to  take  station  at  Mount  St.  Katherine. 

FISCAL  YEAR  1937 

WORK  AT  WASHINGTON 
REVISION  OF  SOLAR-CONSTANT  VALUES 

At  the  beginning  of  the  fiscal  year  preparations  were  being  made  to  publish  a 
table  of  best  values  of  the  solar  constant  of  radiation  since  1930.  This  table  involved 
the  comparison  of  results  from  three  field  stations,  searching  for  errors  of  reduction, 
and  examining  the  records  of  each  individual  day  for  evidences  of  imperfect  observa¬ 
tion  or  unfavorable  sky  conditions. 

But  in  considering  certain  discrepancies  it  suddenly  occurred  to  the  Director 
that  a  flaw  had  been  overlooked  when  he  devised  the  so-called  short  method  of  reduc¬ 
tion  in  1923.  It  will  be  recalled  that  in  the  years  1903  to  1919  all  observations  of  the 
solar  constant  had  been  made  by  the  fundamental  or  long  method.  This  involved 
measurements  of  the  intensity  of  sun  rays  from  early  morning  until  mid-forenoon, 
and  about  2  days  of  computing  to  yield  one  value  of  the  solar  constant  of  radiation. 
Moreover,  if  the  sky  gradually  became  clearer  or  more  hazy  during  the  several  hours 
of  observation,  the  value  obtained  would  be  too  high  or  too  low,  without  any  means 
of  recognizing  this  error. 

To  save  work,  to  avoid  error,  and  to  multiply  results,  the  short  method  was 
introduced  in  1919.  Two  solar-constant  values  could  be  obtained  from  observations 
of  only  10  minutes’  duration  for  each,  by  computations  requiring  only  1  day  for  both. 
In  1923,  however,  a  method  occurred  to  the  Director  whereby  the  computing  could 
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Fig.  2. — Levels  of  Great  Lakes,  23-year  cycles.  Note  the  marked  subsidence  culminating 
after  11  years  in  the  full  curves. 
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be  almost  eliminated,  through  the  use  of  tables  computed  once  for  all.  All  through 
the  years  which  have  since  elapsed  this  method  has  been  used.  Usually,  five  values 
were  obtained  without  undue  labor  for  each  day  observed. 

But  some  months  ago,  as  above  stated,  the  Director  perceived  that  this  brief 
method  has  a  fatal  flaw.  Without  going  into  technicalities,  the  defect  consists  in  this: 
that  if  the  results  of  two  equally  clear  days  are  to  be  compared,  on  one  of  which  the 
sun  actually  emits  i  percent  more  intense  radiation  than  on  the  other,  the  brief 
method  of  1923  will  indeed  distinguish  the  day  of  more  intense  radiation,  but  will 
show  less  than  the  true  1  percent  change.  Moreover  the  deficiency  of  amplitude  in 
solar  variation,  due  to  the  method  of  1923,  is  greater  the  more  hazy  the  days,  and 
the  lower  in  altitude  the  station  from  which  the  sun  is  observed. 

Consequently,  although  the  published  record  of  solar  variation  since  1923  shows 
solar  changes  at  their  right  times  and  in  their  right  directions,  the  amplitudes  of 
variation  found  are  too  small.  Also,  the  hazier  stations  are  at  a  disadvantage,  not 
only  because  of  their  less  favorable  sky  conditions,  which  naturally  give  inferior 
results,  but  because  the  method  of  reduction  of  1923  inevitably  diminishes  the  result¬ 
ing  amplitude  of  the  variation  of  the  sun,  which  they  were  established  to  determine, 
even  more  than  it  affects  clearer  stations. 

Our  first  care  was  to  devise  a  correct  method  of  reduction,  retaining  as  far  as 
possible  the  brevity  of  computation  which  was  the  merit  of  that  of  1923.  Several 
months  were  occupied  by  the  staff  at  Washington  in  comparing  different  proposed 
methods,  checking  their  results,  and  at  length  in  computing  tables  for  the  one  finally 
selected.  This  new  brief  method,  although  somewhat  shorter  than  the  short  method 
used  from  1919  to  1923,  is  far  longer  than  that  of  1923.  It  requires,  what  was  un¬ 
necessary  for  the  method  of  1923,  the  complete  measurement  of  the  photographic 
records  of  observation,  just  as  complete,  indeed,  as  the  long  method  used  prior  to  1919. 

Accordingly,  orders  were  sent  to  all  field  stations  to  have  measured,  if  possible, 
three  holographs  for  each  day  since  1923  when  the  sun  was  observed.  This  heavy 
task  has  been  to  a  large  degree  accomplished  by  the  field  observers. 

In  the  meanwhile,  by  financial  aid  of  John  A.  Roebling,  and  by  the  assistance 
of  W.  P.  A.,  the  computing  staff  at  Washington  has  been  much  enlarged.  Great 
progress  has  been  made  in  the  rereduction  of  the  solar-constant  observations.  Mount 
Montezuma  observations  since  1932  have  been  fully  recomputed,  and  several  years’ 
observations  at  Table  Mountain  are  done.  Plowever,  it  will  require  many  months 
before  the  recomputations  are  fully  completed. 

SILVER-DISK  PYRHELIOMETERS 

As  in  former  years,  orders  have  come  from  foreign  lands  for  silver-disk  pyrheli- 
ometers,  either  new  or  to  be  repaired  and  restandardized.  These  instruments  are  in 
use  at  nearly  a  hundred  stations  in  many  countries,  in  all  the  continents  of  the  world, 
to  measure  the  solar  radiation.  But  nowhere  are  they  used  in  cooperation  with  the 
spectroscope,  as  with  us,  to  make  complete  determinations  of  the  solar  constant  of 
radiation. 

ADDITIONAL  SOLAR  STATIONS 

Great  hope  had  been  aroused  by  favorable  action  of  the  Senate  in  June  1936, 
with  approval  of  the  President  and  the  Bureau  of  the  Budget,  that  as  many  as  seven 
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additional  stations  for  observing  the  solar  constant  of  radiation  could  be  established. 
But  the  hoped-for  appropriation  having  failed  in  the  House,  the  item  was  rejected  by 
the  Bureau  of  the  Budget  in  the  estimates  for  1938,  and  with  the  present  stress  on 
economy  in  Government  expenditure  seems  unlikely  to  be  revived.  It  is  still  believed 
that  valuable  advance  in  weather  forecasting  would  follow  the  accurate  daily  deter¬ 
mination  of  solar  variation,  such  as  might  be  attained  with  additional  solar-constant 
stations. 

LONG-RANGE  FORECASTING,  LAKE  LEVELS,  AND  TREE  RINGS 

Letters  have  been  received  nearly  every  day  by  the  Director  from  drought- 
stricken  areas,  some  telling  of  observations  confirmatory  of  his  expectations  as  to 
the  progress  of  the  drought,  but  most  of  them  begging  for  predictions  to  cover 
ensuing  years.  The  Director,  in  his  replies,  has  always  pointed  out  the  insecurity 
of  such  predictions.  He  has  limited  himself  to  referring  to  indications  arising  from 
the  history  of  Great  Lakes  levels  since  1837.  These  point  to  a  probability  that  drought 
conditions  in  the  northwestern  States  and  neighboring  Canada  will  mend  beginning 
in  1938,  but  recur  in  1975.  This  view  is  supported  by  a  record  of  400  years’  duration 
in  tree  rings  at  Fairlee,  Vt.,  measured  by  Professor  Lyon,  of  Dartmouth  College. 
Periodicities  of  23,  46,  and  92  years  are  plainly  apparent  therein,  which  have  close 
relations  to  the  levels  of  the  Great  Lakes. 

SOLAS  ENGINE 

The  Director  caused  to  be  prepared  and  tested  in  September  1936  a  solar- 
radiation  steam  boiler  of  his  design.  The  machine  exposed  36  square  feet  of  mirror 
surface  and  was  intended  to  produce  about  |  horsepower  at  the  engine.  Cinemato¬ 
graph  records  were  made  of  it,  and  by  operating  an  electric  generator,  the  machine 
furnished  solar  power  to  broadcast  a  short  program.  However,  the  device  had  many 
defects,  and  was  not  in  that  form  practical  for  utilizing  solar  radiation  for  power. 
A  small  solar  flash  boiler  has  since  been  prepared  which  offers  much  greater  promise. 

FIELD  WORK 

Solar  radiation  observing  stations  have  been  maintained  by  public  funds,  supple¬ 
mented  by  private  resources  of  the  Smithsonian  Institution,  at  Table  Mountain, 
Calif. ;  Montezuma,  Chile ;  and  Mount  St.  Katherine,  Egypt.  At  these  three  stations 
the  observations  to  determine  the  solar  constant  of  radiation  have  been  made  on  all 
favorable  days.  The  average  number  of  days  per  year  suitable  for  these  exacting 
observations  is  about  the  same  at  these  three  elevated  cloudless  desert  stations  and 
approaches  80  percent  of  all  days. 

PERSONNEL 

Frederick  E.  Fowle,  research  assistant,  who  joined  the  staff  of  the  Astrophysical 
Observatory  in  the  year  1894,  was  retired  for  disability  at  the  end  of  the  fiscal  year. 
Mr.  Fowle  has  been  associated  with  practically  the  entire  history  of  the  Observatory, 
and  has  taken  a  large  part  in  its  observing,  computing,  theoretical  studies,  and  plans 
for  its  work.  He  will  be  especially  remembered  for  his  researches  on  water  vapor 
and  ozone  in  the  atmosphere,  for  his  long  investigation  of  the  extreme  infrared 
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spectrum  of  water  vapor,  and  for  his  authorship  of  numerous  editions  of  the  Smith¬ 
sonian  Physical  Tables,  which  enjoy  an  enviable  reputation. 

FISCAL  YEAR  1938 

WORK  AT  WASHINGTON 
RECOMPUTATIONS 

The  recomputation  of  solar-constant  values  under  the  direction  of  L.  B.  Aldrich, 
referred  to  in  last  year’s  report,  was  the  main  business.  A  considerable  force  of 
extra  computers  was  employed  on  a  job  basis  under  grants-in-aid  from  John  A. 
Roebling.  Also  a  considerable  force  of  W.  P.  A.  workers  was  assigned  to  the  project. 
With  the  regular  force  and  these  extra  workers  the  immense  task  is  nearly  completed. 
It  is  hoped  to  finish  the  entire  recomputations  and  comparisons  of  solar-constant 
results  from  all  stations  by  January  1939,  so  as  to  make  up  a  homogeneous  series  of 
daily  values  from  1923  to  the  present  time. 

STELLAR  SPECTRAL-ENERGY  CURVES 

In  1922,  1923,  1928,  and  1934,  attempts  were  made,  in  cooperation  with  the 
Mount  Wilson  Observatory,  to  measure  the  distribution  of  energy  in  the  spectra  of 
some  of  the  brighter  stars.  The  measurements  were  made  in  the  focus  of  the  100-inch 
reflecting  telescope.  Results  of  some  value  were  reached  in  1923  and  1928,  using 
a  prismatic  spectroscope  and  the  radiometer.  In  1934  it  was  attempted,  in  cooperation 
with  Dr.  Joel  Stebbins,  to  observe  at  10  wave  lengths  selected  by  Christiansen  filters, 
employing  a  photoelectric  cell.  Unfortunately,  owing  to  the  great  inequality  of  sensi¬ 
tiveness  of  the  cell  for  different  wave  lengths  of  radiation,  these  observations  proved 
valueless. 

Since  1934  repeated  attempts  have  been  made  at  Washington  to  devise  a 
radiation-measuring  instrument  with  a  black  absorbing  surface.  We  desired  to  attain 
sufficient  sensitiveness  to  get  good  measurements  with  the  Christiansen  filters  for 
stars  as  faint  as  third  magnitude.  In  the  opinion  of  able  astronomers  this  would  be 
a  highly  valuable  accomplishment,  indeed  one  of  the  most  interesting  for  astronomy. 
It  is  to  be  hoped  that  when  the  200-inch  telescope  becomes  available  such  a  sensitive 
measuring  instrument  may  be  used  successfully  with  a  prismatic  or  grating  spectro¬ 
scope,  and  with  photographic  registration,  so  as  actually  to  obtain  continuous  spectral- 
energy  curves  of  the  brighter  stars. 

In  our  attempts  to  realize  the  highly  sensitive  measuring  device,  we  tried  for 
several  months  to  perfect  the  kampometer,  but  it  did  not  quite  reach  our  demands. 
We  then  turned  to  the  improvement  of  the  galvanometer,  hoping  to  use  it  to  observe 
the  indications  of  the  delicate  thermopile  such  as  L.  B.  Clark  now  constructs  for  use 
in  the  Division  of  Radiation  and  Organisms.  Our  intention  was  to  employ  with  the 
galvanometer  the  magnetic  shield  which  was  constructed  for  us  about  18  years  ago 
by  the  late  Dr.  Elihu  Thomson,  of  Lynn,  and  to  insert  therein,  in  highly  evacuated 
space,  a  galvanometer  of  the  Kelvin  suspended  magnetic  system  type.  We  hoped  by 
high  evacuation  to  be  able  to  use  a  very  light  system  at  a  time  of  single  swing  as  high 
as  10  seconds,  and  that  the  sensitiveness  would  be  found  nearly  proportional  to  the 
square  of  time  of  swing,  even  up  to  this  long  period.  As  the  magnetic  shield  is 
very  effective  indeed,  we  attempted  at  first  to  use  a  galvanometer  of  only  one  pair 
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of  coils,  with  a  single  group  of  magnets.  But  while  this  arrangement  is  evidently  the 
most  sensitive  possible,  we  found  that  what  was  gained  in  sensitiveness  was  more 
than  lost  in  instability.  Accordingly,  we  constructed  an  astatic  system  with  two 
opposed  groups  of  magnets  separated  but  little  over  io  millimeters  between  centers, 
and  two  pairs  of  correspondingly  small  coils,  making  a  combined  resistance  of  about 
1 7  ohms. 

Preliminary  trials  at  Washington  indicated  a  high  sensitiveness,  but  with  the 
mechanical  and  electrical  disturbances  unavoidable  in  a  city,  we  could  not  tell  whether 
the  stability  was  adequate.  To  test  this  question,  Messrs.  Abbot  and  Hoover  observed, 
by  invitation,  with  this  galvanometer  at  John  A.  Roebling’s  estate  in  Florida  in  March 
1938.  They  found  a  io-second  single  swing  easily  practicable,  the  proportionality 
of  sensitiveness  to  the  square  of  time  of  swing  nearly  followed  up  to  that  period,  and 
the  stability  so  good  that  readings  at  a  scale  distance  of  5  meters  seemed  likely  to 
disclose  vibrations  only  rarely  exceeding  1  millimeter  in  amplitude. 

Tests  with  the  thermopile  and  candle  flame  seemed  to  indicate  that  the  new  com¬ 
bination  would  prove  between  10  and  100  times  as  effective  as  the  combination 
employed  by  Dr.  Abbot  in  1928.  Mr.  Hoover  made  a  new  and  better  magnetic  system 
after  returning  from  Florida.  The  excellent  showing  of  the  galvanometer  is  almost 
wholly  due  to  his  work,  though  based  on  the  extensive  researches  of  Messrs.  Abbot 
and  Fowle  about  the  years  1898  to  1900. 

In  May  1938  Mr.  Hoover  went  to  Mount  Wilson  to  prepare  for  new  measure¬ 
ments  of  the  energy  in  the  spectra  of  the  stars,  and  to  make  studies  of  the  growth 
of  plants  in  monochromatic  rays,  taken  from  sunlight  by  Christiansen  filters.  It  may 
be  said,  by  anticipation,  that  in  both  researches  Mr.  Hoover  has  been  able  to  make 
gratifying  progress,  as  will  be  reported  next  year.  It  may  even  be  said  now  with 
confidence  that  when  the  200-inch  telescope  is  available  it  will  be  possible  to  get 
excellent  continuous  stellar  spectral-energy  curves  for  all  types  of  stars.  Thus  far 
Mr.  Hoover  has  succeeded  in  measuring  electric  currents  with  his  17-ohm  gal¬ 
vanometer  of  iX  io-12  amperes,  and  to  observe  the  rays  of  a  candle  flame  on  a  thermo¬ 
element  of  1  millimeter  diameter  from  a  candle  150  meters  distant. 


ATMOSPHERIC  TURBIDITY  AND  MOISTURE  APPARATUS 

In  1930  we  constructed  a  special  instrument,  containing  a  spectrobolometer,  an 
Angstrom  pyrheliometer,  and  a  pyranometer,  for  the  use  of  Mr.  Moore  in  testing 
the  availability  of  mountain  sites  in  and  near  Africa  for  solar-constant  work.  With 
this  portable  instrument  he  could  determine  the  total  precipitable  water  in  the  atmos¬ 
pheric  path  of  sun  rays,  as  well  as  total  intensity  of  solar  radiation,  and  the  brightness 
of  the  sky.  This  instrument  came  to  the  attention  of  the  United  States  Weather 
Bureau,  and  was  considered  to  be  of  much  promise  for  their  work.  At  the  request 
of  Chief  Gregg,  the  Smithsonian  Institution  has  undertaken  to  duplicate  it  for  the 
Weather  Bureau,  and  the  instrument  maker,  Mr.  Kramer,  is  at  work  thereon. 

UTILIZING  SOLAR  RADIATION 

Some  further  progress  has  been  made  by  Dr.  Abbot  on  devices  for  utilizing  solar 
radiation.  While  in  Florida,  in  March,  he  tried  out  with  gratifying  results  a  solar 
flash  boiler,  a  solar  water  distiller,  and  a  toy  solar  cooker. 
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FIELD  STATIONS 

Several  considerations  led  to  the  abandonment  of  the  Mount  St.  Katherine  solar- 
radiation  station  in  December  1937.  The  isolation  of  the  station  made  its  occupation 
hazardous.  Its  remoteness  and  isolation  made  its  upkeep  costly.  An  intestinal  infec¬ 
tion  attacked  all  of  the  observers  and  proved  stubborn  to  cure.  The  likelihood  of  a 
great  European  war  made  it  probable  that  the  observatory  might  be  wholly  cut  off 
from  Washington.  The  station  was  abandoned  with  regret,  for  meteorologically  it 
had  proved  to  be  excellent,  perhaps  equal  to  Montezuma. 

Instead  of  St.  Katherine,  it  was  decided  to  locate  a  station  in  southwestern  New 
Mexico.  This  location  seemed  to  partake  of  the  climatological  advantages  of  Old 
Mexico.  Our  other  stations,  both  northern  and  southern,  have  all  had  relatively  bad 
observing  conditions  in  the  months  December  to  March.  In  Old  Mexico  and  south¬ 
western  New  Mexico,  on  the  contrary,  these  months  promise  to  be  the  most  cloud¬ 
less  of  all. 

A.  F.  Moore  has  located  the  new  station  on  Burro  Mountain  near  Tyrone, 
N.  Mex.,  at  a  level  of  about  8,000  feet.  The  living  conditions  there  seem  to  give  promise 
of  being  quite  as  attractive  as  at  Table  Mountain.  It  lies  not  far  from  four  fair-sized 
towns,  the  people  of  the  vicinity  are  helpful  and  pleasant,  and  the  United  States  Forest 
Service  is  exceedingly  helpful  and  welcoming  regarding  the  project.  It  is  hoped  to 
be  ready  to  observe  in  October  or  November,  1938. 

With  two  pleasant  stations  besides  Washington  in  the  United  States,  and  one 
more  isolated  one  in  Chile,  it  seems  feasible  to  rotate  the  observers  hereafter  without 
undue  privation. 

The  stations  at  Table  Mountain  and  Montezuma  have  continued  to  observe  the 
solar  constant  of  radiation  daily,  when  possible. 

ULTRAVIOLET  SOLAR  RADIATION 

Having  failed  thus  far  to  obtain  sufficient  financial  support  to  operate  enough 
solar-constant  stations  to  determine  adequately  the  variation  of  the  sun  on  every  day 
of  the  year,  as  referred  to  in  last  year’s  report,  we  have  hoped  to  accomplish  in 
some  other  way  a  program  of  measuring  solar  variation  as  influencing  weather. 
Several  possibilities  exist.  For  recent  years,  in  America,  England,  and  Australia, 
records  of  atmospheric  ionization  at  great  altitudes  are  being  obtained  by  several 
institutions  and  individuals.  The  ionization  is  thought  to  be  dependent  on  solar  radia¬ 
tion,  far  in  the  ultraviolet  spectrum,  at  wave  lengths  less  than  1000  angstroms. 
Results  seem  to  indicate  that  these  rays  vary  over  a  great  range,  perhaps  as  much 
as  500  percent.  It  is  hoped  that  these  measurements  may  be  correlated  with  weather. 

Inasmuch,  however,  as  both  theory  and  our  preliminary  observations  indicate 
that  the  variation  of  the  sun,  which  is  only  of  the  order  of  1  or  2  percent  in  the  total 
radiation,  may  be  as  great  as  15  or  20  percent  at  ultraviolet  wave  lengths  about  3300 
angstroms,  it  was  hoped  that  automatic  sounding  balloon  methods  might  be  developed 
whereby  the  variation  of  the  sun’s  radiation  in  this  part  of  the  ultraviolet  spectrum 
could  be  measured  accurately  enough  for  weather  predicting.  To  this  end  the  Smith¬ 
sonian  Institution  made  two  grants  in  aid  to  Dr.  Brian  O’Brien,  of  Rochester,  N.  Y. 
Dr.  O’Brien,  aided  also  by  the  University  of  Rochester  and  by  several  generous 
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manufacturing  corporations,  has  gone  far  to  develop  highly  ingenious  methods  and 
apparatus  for  measuring  solar  variation  in  the  ultraviolet  from  sounding  balloons, 
automatically  observed  on  the  ground  through  radio  transmission  of  signals.  He 
hopes  soon  to  be  in  position  to  compare  this  type  of  results  with  those  of  solar-constant 
work  reported  from  our  stations. 

PUBLICATION 

Dr.  Abbot  published  a  resume  of  his  studies  on  solar  variation  and  weather 
changes  in  an  issue  of  the  Czechoslovak  scientific  journal  concerning  physics,  pre¬ 
pared  in  honor  of  Dr.  S.  Hanzlik.  A  small  number  of  separates  of  this  resume  are 
available  for  distribution  upon  application  by  interested  persons. 

PERSONNEL 

F.  E.  Fowle,  who  entered  the  service  of  the  Astrophysical  Observatory  in  1894, 
having  been  retired  for  disability,  W.  H.  Hoover,  who  has  heretofore  had  special 
status  with  the  Astrophysical  Observatory  as  a  field  director,  was  promoted  to  the 
position  of  senior  astrophysicist  on  October  16,  1937. 

FISCAL  YEAR  1939 

WORK  AT  WASHINGTON 

RECOMPUTATIONS 

The  main  business  was  the  recomputation  of  all  solar-constant  values  since  1923, 
under  the  direction  of  L.  B.  Aldrich,  referred  to  in  the  two  preceding  reports.  By 
the  end  of  the  fiscal  year  new  results  had  been  computed  for  all  available  days  since 
1923  at  all  stations.  But  the  final  corrections  and  general  discussion  still  remained 
to  be  done.  Corrections  had  been  applied,  however,  for  sky  brightness,  ozone  absorp¬ 
tion,  and  all  other  conditions  for  the  results  of  Montezuma  and  St.  Katherine  for  the 
years  1933  to  1939,  so  that  these  values  are  definitive,  except  for  the  final  reduction 
to  a  uniform  scale  at  all  stations.  This  is  to  be  decided  upon  when  all  the  work  is 
done.  It  is  expected  that  the  entire  recomputation  will  be  wholly  completed  by  October 
1939.  A  publication  of  the  revised  work  will  afterward  be  made,  funds  for  which 
have  been  generously  provided  by  John  A.  Roebling. 

The  improvement  in  accuracy  resulting  from  the  revision  is  very  apparent  when 
comparing  Montezuma  and  St.  Katherine  daily  results  of  the  years  1933  1°  T939>  now 
practically  final.  Part  of  this  improvement  results  from  the  elimination  of  the  radia¬ 
tion  received  by  pyrheliometers  from  the  sky  near  the  sun.  We  had  always  hitherto 
treated  this  as  negligible,  but  it  was  found  to  be  a  quantity  ranging  up  to  about  0.5 
percent  and  variable  with  the  haziness  prevailing.  A  method  was  devised  and  applied 
for  determining  this  sky  radiation.  Its  elimination  from  all  the  pyrheliometric  obser¬ 
vations  since  1923  has  been  a  considerable  task,  and  has  prevented  the  completion  of 
the  revision  of  the  solar-constant  work  by  January  1939  as  was  stated  in  last  year’s 
report  to  be  expected. 

A  CONTROVERSY 

The  Director  spent  much  time  in  preparing  a  suitable  reply  to  an  article  by  Dr. 
M.  M.  Paranjpe  (Quart.  Journ.  Roy.  Meteorol.  Soc.,  July  1938).  That  author 
concluded : 
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The  variations  observed  in  the  solar  constant  by  the  Astrophysical  Observatory  of  the  Smithsonian 
Institute  during  the  last  30  years  are  mainly  due  to  the  defects  in  the  methods  of  determining  the 
solar  constant.  If  this  conclusion  is  accepted  the  subsequent  work  based  on  the  supposed  variability 
of  the  solar  constant  is  not  valid. 

Dr.  Paranjpe’s  paper  was  read  at  a  meeting  of  the  Royal  Meteorological  Society 
and  favorably  received  and  commented  upon  by  several  of  the  principal  meteorologists 
of  Great  Britain. 

Dr.  Abbot’s  reply  (Quart.  Journ.  Roy.  Meteorol.  Soc.,  April  1939)  is  abstracted 
as  follows : 

The  author  cites  five  recent  papers  containing  many  evidences  of  solar  change  ignored  by  critics. 
Chief  among  them,  and  in  the  author’s  opinion  unanswerable,  are  evidences  that  day-to-day  solar 
changes  profoundly  influence  temperatures.  Between  1924  and  1935  were  found  320  dates,  the 
beginnings  of  sequences  of  observed  rise  or  of  fall  of  solar  radiation.  The  average  march  of 
departures  from  normal  temperatures  in  four  widely  separated  cities  shows  opposite  trends  for 
16  days  following,  respectively,  these  sequences  of  rising  and  falling  solar  radiation.  The  separation 
of  temperatures  thus  produced  reaches  from  io°  to  250  F.  Similar  curves  of  temperature  departure 
are  found,  on  the  average,  in  the  years  1924  to  1930,  to  those  found  in  the  years  1931  to  1935. 
Selecting  46  cases  of  especially  large  solar  changes  observed,  the  temperature  effects  which  followed 
were  in  the  same  phase  but  about  twice  as  large  as  usual.  A  crucial  test  is  given  wherein  correlation 
coefficients  are  computed  for  the  march  of  temperatures  for  16  days  after  and  for  16  days  before 
observed  solar  changes,  as  between  rising  and  falling  sequences  of  solar  variation.  The  correlation 
values  are  respectively:  After,  —54.3 ±4.9  percent;  before,  +ii.i±6.o  percent.  The  first  is  n 
times  its  probable  error  and  therefore  significant,  the  second  less  than  twice  its  probable  error  and 
hence  meaningless. 

From  these  studies  it  appears  that  day-to-day  changes  averaging  0.7  percent  in  solar  radiation 
are  presumably  real  and  competent  to  produce  major  changes  of  io°  to  25 0  F.  in  temperature  in 
the  temperate  zone.  Such  changes  may  be  conventionally  represented  by  the  repetition  18  times  per 
year  of  the  day-to-day  sequence,  3,  6,  9,  12,  14,  12,  9,  6,  3  thousandths  calorie  in  solar  radiation. 

The  author  demonstrates  that  correlation  of  day-to-day  solar-constant  values  from  different 
observatories,  as  relied  on  by  critics,  is  incompetent  to  refute  the  sun’s  important  variability.  For 
the  author  computes  correlation  coefficients  for  no  days  as  between  the  best  stations,  Montezuma 
and  St.  Katherine,  obtaining  6±6  percent.  He  then  loads  the  values  of  each  station  simultaneously 
with  five  humps  of  sequences  such  as  just  numerically  specified.  The  two  stations  are  then  certainly 
correlated,  and  carry  assumed  solar  changes  adequate  to  produce  from  io°  to  25 0  F.  in  temperature 
departures.  The  correlation  coefficient  now  becomes  18  ±6  percent,  an  increase  of  12  percent,  far 
below  what  critics  require  as  being  evidential. 

The  author  points  out  that  multiplication  of  values,  as  in  monthly  means  or  in  large  groupings 
governed  by  magnitudes,  may  sufficiently  reduce  accidental  errors  to  give  trustworthy  evidences  of 
solar  variation,  and  cites  numerous  cases  of  this  sort  not  referred  to  by  critics. 

The  author  mentions  various  considerations  constantly  in  his  mind  but  overlooked  by  critics. 
He  discusses  the  procedures  used  in  holding  the  solar-constant  values  to  a  fixed  scale  for  long-range 
comparisons. 

The  author  points  out  that  critics’  disparagement  of  solar  variation  by  the  tabular  use  of 
standard  deviations  proves  nothing  and  is  merely  reasoning  in  a  circle,  since  the  increase  of  standard 
deviations  may  quite  as  well  be  caused  by  real  increase  in  solar  variation  as  by  increase  of  experi¬ 
mental  error.  Similarly,  increase  of  correlation  coefficients  between  two  stations  may  be  due  to 
increased  solar  variation  rather  than  experimental  interdependence  as  suggested  by  critics,  for 
thereby  the  competitive  effects  of  accidental  error  are  made  relatively  less  considerable. 

The  author  explains  in  detail  the  discovery  of  12  long  periods  in  solar  variation.  Critics  having 
claimed  on  the  basis  of  an  equation  of  Brunt’s  that  the  author’s  periodicities  have  impossibly  great 
amplitudes,  the  author  tabulates  these  periodicities  completely,  and  then  synthesizes  them  for  the 
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years  1920  to  1934  and  compares  the  synthetic  curve  with  observed  monthly  mean  values.  With  a 
total  range  of  2  percent,  the  synthesized  periodicities  reproduce  the  original  observations  to  within 
an  average  deviation  of  0.2  percent,  hence  periodicities  cannot  have  excessive  amplitudes  as  claimed. 

The  author  reiterates  his  conviction  that  solar  variation  is  the  principal  cause  of  weather 
changes,  and  that  with  annual  expenditure  of  $300,000  for  solar  observation,  principal  details  of 
weather  might  be  predicted  all  over  the  world  from  study  of  solar  variation  for  2  weeks  in  advance. 

Since  the  publication  of  Abbot's  reply  the  variations  of  solar  radiation  have  been 
discussed  from  the  standpoint  of  terrestrial  magnetism  by  F.  E.  Dixon  (Quart. 
Journ.  Roy.  Meteorol.  Soc.,  July  1939)  who  finds: 

There  is  evidence  of  a  connection  between  changes  of  magnetic  activity  and  the  regular  rises  and 
falls  in  the  solar  constant  noted  by  Abbot.  The  changes  are  appreciable  only  on  the  first  two  days 
after  alterations  of  the  solar  constant  commence,  and,  hence,  continue  only  as  the  solar  constant 
is  changing. 

Dixon  found  in  studying  the  averages  for  magnetic  character  figures  for  each 
month  of  the  year,  over  a  period  of  12  years,  that  opposite  changes  of  terrestrial 
magnetism  occur,  according  as  the  solar  constant  begins  to  rise  or  to  fall  according 
to  Smithsonian  observations. 

PUBLICATION 

With  N.  M.  McCandlish,  the  Director  prepared  a  paper  on  “The  Weekly  Period 
in  Washington  Precipitation.”  1  A  discussion  of  the  daily  precipitation  at  Wash¬ 
ington,  1924  to  1939,  indicates  a  periodicity  of  6  days  18  hours,  or  approximately 
one-fourth  the  period  of  the  sun’s  rotation.  The  period  is  such  that  the  day  of  maxi¬ 
mum  precipitation  in  the  monthly  averages  comes  one  day  of  the  week  earlier  on  each 
successive  month.  Unexpected  changes  of  phase  by  1  or  2  days  occasionally  occur. 
But  the  data  were  resolved  into  15  series,  averaging  about  1  year  in  length  each, 
when  in  each  series  from  2.5  to  8.5  times  as  much  precipitation  fell  on  the  day  of 
maximum  as  on  the  day  of  minimum  expected  precipitation. 

NEW  FIELD  STATIONS 

After  a  reconnaissance  throughout  southwestern  New  Mexico,  A.  F.  Moore 
located  a  new  solar-observing  station  on  Burro  Mountain,  near  Tyrone,  N.  Mex., 
approximately  long.  io8°33',  lat.  32°4o',  alt,  8,000  ft.  This  station  was  made  readily 
accessible  to  motor  cars  through  the  valued  cooperation  of  the  United  States  Forest 
Service.  Water  was  developed  about  2  miles  down  the  road,  and  tanks  are  kept  filled 
at  the  summit  for  gravity  circulation.  Telephone  communication  has  also  been 
established. 

The  observatory  structures,  comprising  a  tunnel  and  piers  for  instruments, 
bungalows  for  the  observers’  families,  garages,  and  water  tanks  were  built  to  speci¬ 
fications  of  Mr.  Moore  by  Jack  Heather,  of  Lordsburg. 

The  observing  instruments  formerly  at  Mount  St.  Katherine,  and  before  that 
at  Mount  Brukkaros,  were  installed  at  the  new  Tyrone  station.  Observations  of  the 
solar  constant  were  begun  there  in  January  1939. 

As  in  old  Mexico,  the  precipitation  in  southwestern  New  Mexico  is  almost  alto¬ 
gether  in  the  months  July  to  September  in  normal  years,  and  at  Lordsburg  averages 


1  Published  shortly  after  the  close  of  the  fiscal  year  as  Smithsonian  Misc.  Coll.,  vol.  98,  No.  21. 
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only  about  9  inches  per  year.  We,  therefore,  hoped  this  new  station  would  serve  in 
a  valuable  supplementary  way  with  our  stations  in  California  and  Chile,  where  the 
months  December  to  February  are  the  worst,  for  continuous  daily  records.  The  past 
winter  proved  exceptional,  as  there  was  a  snowfall  on  Burro  Mountain  of  72  inches. 
No  such  great  fall  of  snow,  we  are  informed,  has  occurred  there  for  20  years  before. 

OTHER  FIELD  STATIONS 

Solar-constant  observing  has  been  continued  at  Table  Mountain,  Calif.,  and 
Montezuma,  Chile,  as  in  previous  years,  on  every  favorable  day.  Usually  about  75 
to  80  percent  of  the  days  of  the  year  are  cloudless  enough  for  observations  to  be  made 
at  these  stations.  Exceptionally  deep  snow  fell  on  Table  Mountain  in  this  past  winter, 
amounting  to  over  1 1  feet  in  all. 

At  John  A.  Roebling’s  suggestion,  all  three  observing  stations  have  been  equipped 
with  excellent  concrete  tennis  courts,  constructed  with  grants  of  funds  by  Mr. 
Roebling. 

STELLAR-ENERGY  SPECTRA 

As  noted  in  last  year’s  report,  W.  H.  Hoover  set  up  apparatus  in  the  100-inch 
telescope  building  on  Mount  Wilson  for  measuring  the  distribution  of  energy  in  the 
spectra  of  the  brighter  stars.  He  observed  on  August  31  and  on  September  21  with 
considerable  success. 

The  apparatus  comprised  10  Christiansen  filters  adapted  to  select  narrow  regions 
of  spectra  ranging  from  0.345^  in  the  ultraviolet  to  1.030^  in  the  infrared.  It  was 
particularly  suitable  for  observing  the  spectra  of  the  blue  and  white  stars  which  could 
not  be  well  observed  with  the  arrangements  used  by  Abbot  in  1923  and  1928.  Hoover 
employed  a  thermoelectric  element  made  by  L.  B.  Clark  of  this  Institution  in  connec¬ 
tion  with  a  highly  sensitive  reflecting  galvanometer  made  by  Hoover  himself  to  observe 
the  heat  in  the  spectral  regions  selected  by  the  filters.  He  calibrated  the  apparatus 
by  observing  the  solar  spectrum,  the  distribution  of  which  is  known  with  considerable 
accuracy. 

Owing  to  disturbances  arising  in  the  thermoelectric  circuit,  it  was  impossible 
to  use  the  galvanometer  at  more  than  one-third  its  available  sensitiveness.  Yet  Hoover 
read  deflections  as  great  as  20  millimeters  in  the  spectrum  of  Vega. 

Measurements  were  made  in  the  spectra  of  five  stars,  a  Aurigae,  a  Cygni,  a  Persei, 
a  Aquilae,  and  a  Lyrae,  all  but  one  of  which  agreed  very  closely  with  those  obtained 
for  the  same  stars  by  Abbot  in  1928,  except  that  Hoover’s  measurements  extended 
to  much  shorter  wave  lengths  than  could  be  reached  by  Abbot.  However,  the  results 
are  still  only  provisional,  and  intended  mainly  to  test  whether  the  method  can  be  used 
with  advantage  when,  about  the  year  1941,  the  200-inch  telescope  becomes  available. 

Our  conclusion  is  very  favorable.  It  is  believed  that  the  disturbances  encountered 
in  the  thermoelectric  circuit  can  be  minimized;  that  the  full  sensitiveness  of  the 
galvanometer  can  then  be  used;  that  a  diffraction  grating  can  be  ruled  to  throw  60 
percent  of  the  incident  light  into  one  spectrum,  and  can  be  used  with  a  simple  optical 
system  to  be  more  saving  of  light  than  the  filters ;  that  automatic  photographic  regis¬ 
tration  will  be  practicable;  and,  in  short,  that  continuous  automatically  recorded 
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stellar  spectral-energy  curves,  probably  at  least  io  centimeters  high  at  maximum, 
can  be  obtained  for  the  brightest  stars  when  the  200-inch  telescope  becomes  available. 

PERSONNEL 

Harlan  H.  Zodtner  resigned  from  the  service  on  October  31,  1938. 

Hugh  B.  Freeman,  formerly  with  the  Observatory,  was  transferred  to  the  work 
from  the  National  Advisory  Committee  for  Aeronautics  on  August  1,  1938,  succeed¬ 
ing  Zodtner  at  Table  Mountain.  James  H.  Baden  was  employed  as  bolometric  assistant 
on  January  16,  1939.  He  reported  at  Montezuma  in  March  1939,  vice  Stanley  C. 
Warner,  who  was  transferred  to  Table  Mountain  after  some  weeks  in  Washington. 
Freeman  relieved  C.  P.  Butler  at  Montezuma  in  July  1939.  Miss  Nancy  M.  Mc- 
Candlish  was  employed  as  special  assistant  to  the  Director  under  grant  from  John  A. 
Roebling,  beginning  February  16,  1939. 

FISCAL  YEAR  1940 

WORK  AT  WASHINGTON 

Messrs.  Aldrich  and  Hoover,  with  a  force  of  regular  and  special  computers, 
some  of  whom  were  furnished  by  W.  P.  A.,  continued  to  work  on  the  complete  revision 
of  all  results  on  the  solar  constant  of  radiation  from  all  stations  and  from  1923  to 
the  present  time.  Many  small  inconsistencies  revealed  themselves  between  results 
of  a  single  station  in  different  years,  and  between  the  results  of  the  different  stations 
in  the  same  year.  Each  of  these  inconsistencies  was  a  problem  in  itself,  requiring 
extensive  study,  and  in  some  cases  extensive  remeasurements  of  photographic  records. 
Consequently,  progress  was  slow  in  preparing  final  tables  of  daily,  decadal,  and 
monthly  mean  values  of  the  solar  constant,  based  on  the  evidence  of  all  observations. 
It  had  been  hoped  that  these  results  would  be  ready  to  assemble  and  publish  early  in 
the  calendar  year  1940.  But  at  the  end  of  June  there  still  remained  several  very 
troublesome  questions  to  be  resolved,  so  that  several  months  more  of  study  seemed 
indicated. 

In  the  meantime  Dr.  Abbot  has  prepared  text  for  volume  6  of  the  Annals  of 
the  Observatory  as  far  as  could  be  done  until  these  revised  results  were  available  for 
discussion.  It  is  believed  that  when  the  tables  are  ready  the  manuscript  can  be  put 
in  press  within  2  months  thereafter.  Funds  for  its  publication  have  already  been 
generously  furnished  by  John  A.  Roebling.  The  text  will  explain  and  illustrate  with 
painstaking  fullness  the  details  of  the  research,  and  the  results  will  be  given  with 
greater  completeness  than  ever  before.  It  may  be  partially  understood  what  this 
involves  when  it  is  said  that  the  table  of  daily  values  of  the  solar  constant  is  estimated 
to  occupy  144  quarto  pages,  with  three  groups  of  14  columns  each,  on  every  page. 

Increasing  interest  among  scientists  in  these  solar-constant  studies  is  apparent. 
In  last  year’s  report  attention  was  called  to  critical  studies  of  the  work  published  in 
England.  Dr.  Abbot’s  reply,  also  published  there,  led  to  mathematical  investigations 
undertaken  at  Harvard  College  Observatory  and  at  the  Massachusetts  Institute  of 
Technology.  Two  of  these  statistical  studies  have  been  published  by  Dr.  Theodore  E. 
Sterne,  of  Harvard.  They  tend  to  confirm  the  reality  of  periodicities  in  solar  varia- 
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tion,  and  yield  periods  for  the  most  part  agreeing  in  length,  within  the  limits  of  error, 
with  those  found  by  Dr.  Abbot  and  published  by  him  several  years  ago.2 

The  interest  thus  aroused  led  Dr.  Shapley,  Director  of  Harvard  College  Ob¬ 
servatory,  to  invite  Dr.  Abbot  to  give  six  lectures  there  in  May  1940,  on  the  follow¬ 
ing  subjects : 

1.  Exact  measurements  of  solar  radiation. 

2.  Solar  radiation  and  the  atmosphere. 

3.  The  variation  of  the  sun. 

4.  Weather  governed  by  solar  variation. 

5.  Utilizing  solar  radiation. 

6.  Radiation  and  plant  growth. 

Serious  and  sympathetic  attention  was  given  to  these  lectures  by  the  staff  of  Harvard 
Observatory  and  by  representatives  from  the  Massachusetts  Institute  of  Technology, 
the  Blue  Hill  Meteorological  Observatory,  and  elsewhere.  After  the  fourth  lecture 
Dr.  Abbot  was  invited  by  Dr.  Brooks,  Director  of  the  Blue  Hill  Observatory,  to 
publish  a  summary  of  the  first  four  lectures  relating  to  meteorology  in  the  Bulletin 
of  the  American  Meteorological  Society.  This  publication  is  going  forward. 

In  September  1939  there  was  held  in  Washington  a  Congress  of  the  International 
Geophysical  Union.  Among  the  delegates  was  the  eminent  meteorologist,  Dr.  H. 
Arctowski,  of  Poland.  His  country  was  conquered  and  his  property  lost  while  the 
Congress  was  in  session.  Later,  John  A.  Roebling  provided  funds  for  retaining  Dr. 
Arctowski  on  the  staff  of  the  Observatory  for  1  year,  from  December  1,  1939. 
Dr.  Arctowski  was  asked  to  investigate  the  relations  between  solar  variation  and  the 
weather.  At  that  time  he  doubted  the  reality  of  solar  variation  as  indicated  by  our 
observations.  But  within  2  weeks  after  beginning  his  studies,  Dr.  Arctowski  became 
thoroughly  convinced  of  the  reality  of  solar  variation,  and  that  it  is  the  major  factor 
in  weather.  He  has  announced  these  findings  in  two  papers.3  He  is  continuing  his 
researches  in  this  field  with  consuming  zeal.  It  is  hoped  to  retain  him  another  year 
after  the  completion  of  his  present  engagement. 

With  the  assistance  of  Miss  N.  M.  McCandlish,  special  computer  under  a  grant 
from  John  A.  Roebling,  Dr.  Abbot  has  endeavored  to  evaluate  the  separate  influences 
produced  on  weather  by  the  long-range  solar  periodicities  which  are  referred  to  above. 
For  this  research  monthly  departures  from  normal  temperature  and  rainfall  for 
numerous  stations  in  America  and  other  regions  were  used.  It  soon  appeared  that  the 
solar  periodicities  produce  considerable  weather  changes.  But  for  periodicities  of 
less  than  25  months’  length,  and  occasionally  for  longer  ones,  shifting  of  phases  in 
the  weather  responses  took  place  from  time  to  time.  It  occurred  to  Dr.  Abbot  that 
these  shifts  very  probably  are  due  to  seasonal  influences.  That  is,  a  solar  cause 
operating  in  winter  might  reasonably  produce  a  different  phase  in  its  weather  effects 
than  the  same  cause  operating  in  summer.  Inasmuch  as  the  solar  periodicities  are 
not  commensurable  with  12  months,  their  phases  of  course  shift  through  the  seasons. 

2  Abbot,  C.  G.,  Solar  radiation  and  weather  studies.  Smithsonian  Misc.  Coll.,  vol.  94,  No.  10,  1935. 

3  Solar  faculae  and  solar  constant  variations.  Proc.  Nat.  Acad.  Sci.,  vol.  26,  No.  6,  pp.  406-411,  June  1940. 

Researches  on  temperature  changes  from  day  to  day  and  solar  constant  variations.  Bull.  Amer.  Meteorol.  Soc., 

vol.  21,  p.  257-261,  June  1940. 
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On  testing  this  hypothesis  it  was  found  to  be  sustained  by  data  from  many  meteoro¬ 
logical  stations. 

It  was  then  recognized  that  these  phase  effects  might  be  eliminated  by  taking 
into  account  least  common  multiples  of  the  several  periods  as  compared  individually 
to  12  months.  For  instance,  an  8-month  periodicity  returns  each  24  months  in  the 
same  season  of  the  year.  Other  periodicities  recur  in  the  same  season  at  longer  inter¬ 
vals.  Acting  upon  this  basis  we  computed  the  average  weather  effects  over  a  century 
or  more  for  eight  solar  periodicities  ranging  in  length  from  8  months  to  68  months 
in  length.  Among  the  stations  used  were  Copenhagen,  Vienna,  and  New  Haven,  all 
beginning  with  the  year  1800.  It  was  very  encouraging  to  find  that,  with  the  phase 
taken  care  of,  as  explained  above,  all  these  stations  agreed  in  indicating  pronounced 
effects  of  solar  variation,  and  that  there  is  no  indication  that  a  change  of  phase  has 


Fig.  3. — Percentage  of  normal  precipitation  at  Peoria,  Ill.  Five-month  running  mean  values. 


occurred  in  the  solar  periodicities  for  over  a  century.  In  such  long  series  the  solar 
influences  were  repeated  many  times  in  the  same  phase.  It  was,  therefore,  possible 
to  obtain  from  the  meteorological  records  more  accurate  determinations  of  the  solar 
periodicities  than  could  be  obtained  from  our  solar-constant  work  of  the  past  20  years. 
The  three  stations  mentioned  agreed  perfectly  as  to  these  determinations.  In  this 
way  we  have  established  the  following  corrected  values  for  solar  periodicities  ex¬ 
pressed  in  months: 

8.12;  9.79;  11.29;  21.0;  25.3;  39.5;  45.25. 

It  now  became  of  importance  to  see  whether  the  average  results  in  departures 
from  normal  temperatures  and  precipitation,  corresponding  to  these  corrected  periods, 
could  be  used  synthetically  as  a  means  of  long-range  prediction  for  the  future.  In 
order  to  investigate  this  interesting  possibility,  it  was  clear  that  if  the  courses  of  the 
meteorological  periodicities  used  should  be  determined  from  records  all  antedating 
1935,  for  instance,  then  it  would  be  honest  to  regard  a  synthetic  assembly  of  them, 
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covering  the  years  1935  to  1940,  as  a  true  5-year  prediction,  which  could  be  fairly 
compared  with  the  event.  This  procedure  was  undertaken  for  numerous  stations,  and 
for  both  temperature  and  precipitation.  The  resulting  forecasts  were  not  all  equally 
successful.  But  in  all  cases  there  was  a  marked  correlation  between  the  forecast  and 
the  event.  The  agreement  turned  out  to  be  quite  as  likely  to  be  good  in  1940  as  in 
1935.  As  an  illustration  of  very  good  correspondence,  though  in  this  instance  failing 
somewhat  in  1939,  the  5-year  forecast  and  event  for  the  precipitation  at  Peoria,  Ill., 
is  given  here.  In  this  case  a  correlation  coefficient  of  70  ±5  percent  is  found  between 
prediction  and  event  for  58  months.  It  is  hoped  that  further  study  may  improve  the 
5-year  synthetic  forecasts  generally.  At  present  they  average  satisfactory  in  two- 
thirds  of  the  months. 

WORK  IN  THE  FIELD 

As  far  as  weather  permitted,  daily  observations  of  the  solar  constant  of  radiation 
were  continued  at  three  stations:  Tyrone,  N.  Mex. ;  Table  Mountain,  Calif.;  and 
Montezuma,  Chile.  Criticism  having  been  made  again  from  foreign  sources  regard¬ 
ing  the  temperature  coefficient  of  the  silver-disk  pyrheliometer,  numerous  redetermina¬ 
tions  of  this  quantity  were  made  at  Tyrone  and  Table  Mountain.  Owing  to  a  mis¬ 
apprehension  of  directions,  no  less  than  120  redeterminations  were  made  at  Tyrone 
by  Messrs.  Moore  and  Froiland.  Their  mean  is  identical  with  that  found  previously 
by  Abbot  and  Aldrich  at  Washington,  and  by  Zodtner  and  Greeley  at  Table  Mountain, 
and  is  almost  identical  with  that  found  this  year  by  Butler  and  Greeley  at  Table 
Mountain.  Over  200  determinations  have  now  been  made,  giving  as  their  mean  the 
same  temperature  correction  which  has  been  used  for  nearly  30  years  with  silver-disk 
pyrheliometers.  There  can  now  be  no  further  question  of  altering  it. 

PERSONNEL 

No  changes  in  personnel  have  taken  place  since  my  last  report,  except  that  L.  A. 
Fillmen,  for  10  years  instrument  maker  under  private  compensation  in  the  Division 
of  Radiation  and  Organisms,  has  been  appointed  instrument  maker  under  the  public 
funds  at  the  Astrophysical  Observatory,  succeeding  A.  Kramer,  retired. 


Chapter  2 


NATURE  OF  THE  INVESTIGATION 

Our  purpose  is  to  investigate  the  following  aspects  of  the  energy  of  the  sun’s 
radiation:  Its  intensity  at  the  earth’s  surface;  the  losses  it  suffers  in  traversing  the 
atmosphere;  its  intensity  outside  the  atmosphere  at  mean  solar  distance  (the  “solar 
constant  of  radiation”)  ;  the  fluctuations  of  intensity  which  affect  it  owing  to  changes 
in  the  sun ;  and,  finally,  the  effects  of  solar  variation  on  weather. 

The  preceding  five  volumes  of  these  Annals  have  dealt  with  the  same  subject. 
They  detail  results  obtained  at  many  stations  for  many  years.  Methods  and  apparatus 
are  described.  The  mean  value  of  the  solar  constant  is  given  as  1.94  calories  per 
square  centimeter  per  minute.  Many  indications  of  the  sun’s  variability  are  described. 
The  distribution  of  solar  energy  in  the  spectrum  is  observed.  Atmospheric  trans¬ 
mission  coefficients  are  determined  at  many  wave  lengths  and  at  many  stations.  Water 
vapor  and  ozone  in  the  atmosphere  are  measured  spectroscopically.  The  dependence 
of  weather  on  solar  variation  is  examined.  The  temperature  of  the  sun  and  the  distri¬ 
bution  of  radiation  over  its  disk  are  extensively  investigated. 

The  present  volume  is  devoted  to  a  continuation  of  these  researches  over  another 
interval  of  10  years.  Certain  sources  of  error  in  previous  work  were  discovered.  By 
improvements  of  apparatus  and  by  revision  of  former  methods  of  computations  a 
higher  standard  of  accuracy  has  been  attained.  Nearly  5  years  of  work  has  been 
required  of  the  force  in  Washington  to  carry  through  the  revision  of  the  observations 
of  the  years  1923  to  1939,  now  to  be  presented,  besides  many  months  of  measurements 
of  plates  by  observers  in  the  field.  The  tables  of  this  volume  will  include  10-day  and 
monthly  solar-constant  values  at  several  stations  for  the  years  1920  to  1939,  and 
revised  daily  values  for  the  years  1923  to  1939. 

Analyses  of  solar  variation  and  of  its  correlation  with  weather  changes  are  pre¬ 
sented.  Fourteen  periodic  fluctuations  progressing  simultaneously  make  up  long-range 
solar  variation.  Day-to-day  changes  are  often  associated  with  the  rotation  of  the 
sun  on  its  axis.  The  conclusion  is  reached  that  the  fluctuation  of  the  sun’s  output  of 
radiation  is  a  principal  factor  governing  weather,  both  for  short  and  long  intervals. 
It  will  be  shown  that  though  our  continuous  observation  of  solar  variation  is  confined 
to  the  interval  1920  to  1939,  the  14  periodic  fluctuations  which  comprise  it  have  con¬ 
tinued  without  changes  of  phase  since  the  year  1800,  as  indicated  by  records  of  weather 
at  several  stations  in  Europe  and  America. 

The  “solar  constant  of  radiation”  is  a  term  frequently  used  in  these  Annals.  It 
may  be  well  to  recall  that  the  solar  constant  is  the  average  intensity  of  solar  radiation 
at  the  earth’s  mean  solar  distance  in  free  space  outside  the  earth’s  atmosphere.  It  is 
measured  in  heat  units.  Its  value,  according  to  our  measurements,  is  as  given  above, 
1.94  calories  per  square  centimeter  per  minute.  We  do  not  propose  to  add  new 
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original  determinations  of  its  exact  value  at  this  time.  Our  interest  at  present  is  in  its 
variability.  Unfortunately,  there  is  no  possibility  of  comparing  the  sun  with  other 
stars  nearly  in  the  same  direction  to  determine  its  variability,  because  of  the  enormous 
disparity  of  apparent  brightness  of  the  sun  and  stars.  We  can  only  compare  the  solar 
constant  with  itself  from  day  to  day  and  from  year  to  year.  Its  range  of  fluctuation 
seldom  exceeds  i  percent.  With  the  ocean  of  variable  atmosphere  interfering,  it  is 
extremely  difficult  to  make  the  daily  measurements  accurately  enough  to  reveal  and 
measure  the  sun’s  variations.  Except  for  our  actual  experience,  we  should  not  have 
believed  it  possible  to  attain  sufficient  accuracy  to  yield  the  measure  of  success  which 
we  have  reached. 

For  the  convenience  of  some  readers  we  recall  here  the  main  points  of  a  deter¬ 
mination  of  the  solar  constant,  reserving  details  for  later  chapters. 

1.  With  an  instrument  called  the  pyrheliometer,  the  total  intensity  of  the  sun’s 
rays  at  a  cloudless  mountain  station  is  measured  in  calories  per  square  centimeter 
per  minute. 

2.  With  the  theodolite  the  altitude  of  the  sun  is  simultaneously  observed  to  fix 
the  length  of  path  of  the  sun’s  rays  in  the  atmosphere. 

3.  Since  the  atmosphere  transmits  solar  rays  in  different  proportions,  depending 
on  their  wave  lengths,  a  spectrum  is  formed  under  conditions  such  that  the  relative 
losses  of  different  rays  within  the  spectroscopic  train  are  determined.  In  this  spec¬ 
trum  the  intensities  of  the  different  wave  lengths  are  observed  by  means  of  the 
bolometer,  a  sensitive  electrical  thermometer,  simultaneously  with  the  measurements 
of  total  radiation  by  the  pyrheliometer. 

4.  Two  courses  are  now  open,  of  which  we  will  first  describe  the  fundamental 
method,  which  we  are  accustomed  to  call  the  long  method. 

5.  The  several  sorts  of  observations  just  described  having  been  made  at  intervals 
from  early  morning  until  the  sun  is  high,  it  is  possible  to  take  the  spectrum  intensities, 
corrected  for  the  losses  in  the  spectroscopic  train,  and  compute  for  each  one  separately 
what  its  intensity  would  have  been  if  it  had  been  observed  outside  the  atmosphere. 
The  computation  proceeds  for  any  sun  ray  of  homogeneous  wave  length  by  means 
of  the  formula : 

e  —  e0am 

Here  e  is  the  spectral  intensity  observed  and  corrected  for  losses  in  the  spectro¬ 
scopic  train;  e0  is  the  intensity  of  the  ray  as  it  would  be  outside  the  atmosphere; 
a  is  the  atmospheric  transmission  for  the  ray  at  vertical  incidence;  and  m  is  the 
length  of  path  of  the  ray  in  the  atmosphere,  measured  in  terms  of  the  path  at  vertical 
incidence.  This  equation  may  be  expressed : 

log  e  —  m  log  a  +  log  e0 

Here  we  have  the  equation  of  a  straight  line,  and  the  quantities  a  and  e0  are 
readily  determined,  knowing  a  series  of  corresponding  values  of  e  and  m.  It  may 
be  remarked  that  up  to  a  zenith  distance  of  about  70°,  where  w=3.o,  m  is  nearly 
proportional  to  secant  z,  where  z  is  the  zenith  distance.  A  slight  correction  must  be 
applied  to  secant  z  for  larger  values  of  z  than  70°. 
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6.  Having  thus  determined  the  spectral  intensities  at  the  station  and  also  outside 
the  atmosphere,  the  areas  included  under  the  spectral-energy  curves  are  proportional, 
respectively,  to  the  total  intensity  at  the  station  and  outside  the  atmosphere.  Taking 
their  ratio  we  obtain : 

he0 

2? 


Let  R  be  the  simultaneous  reading  of  the  total  intensity  at  the  station  by  pyrheli- 
ometry,  and  let  p  be  the  ratio  of  the  earth’s  solar  distance  to  its  normal,  then  the 

solar  constant  =  P  . 

he 

7.  Certain  corrections  have  to  be  applied  to  he0  and  he,  depending  on  the 
absorptive  influences  of  ozone  and  water  vapor.  Allowances  must  also  be  made  for 
extensions  of  the  spectrum  beyond  the  violet  and  beyond  the  red,  which  it  is  incon¬ 
venient  or  impossible  to  measure  daily.  These  details  will  be  described  in  later 
chapters. 

8.  A  short  method  is  usually  employed  by  us.  It  depends  for  its  establishment 
on  the  fundamental  long  method,  and  differs  only  in  the  determination  of  the  coeffi¬ 
cients  of  atmospheric  transmission  for  the  homogeneous  spectral  rays. 

9.  For  the  short  method  we  observe  the  intensity  of  light  of  the  sky  surrounding 
the  sun  to  a  certain  fixed  angular  distance,  but  excluding  the  sun.  From  this  measure¬ 
ment,  made  with  a  special  instrument  called  the  pyranometer,  and  combined  with 
other  quantities  found  spectroscopically,  the  atmospheric  transmission  coefficients  for 
the  several  homogeneous  wave  lengths  may  all  be  read  off  from  prepared  tables.  The 
solar  constant  is  then  computed  on  the  same  principles  as  for  the  long  method.  Details 
will  be  given  in  later  chapters. 


Chapter  3 


REASONS  FOR  THE  REVISION  OF  SOLAR-CONSTANT  VALUES 
AND  A  RESUME  OF  THE  PRINCIPLES  INVOLVED 

In  the  Annals  of  the  Astrophysical  Observatory  of  the  Smithsonian  Institution, 
volume  5,  pages  no  to  13 1,  there  is  given  a  description  of  the  so-called  short 
method  of  solar-constant  determination  as  amended  in  1923.  We  became  convinced 
in  1936  that  the  amendment  of  1923  is  wrong  in  principle,  and  though,  as  computed 
thereby,  values  are  competent  to  indicate  variability  of  the  sun,  they  show  only 
that  part  of  the  sun’s  variability  which  remains  after  the  rays  reach  the  observing 
station.  Inasmuch  as  theory  and  observation  both  indicate  that  the  most  considerable 
part  of  the  sun’s  variability  lies  in  the  shorter  wave  lengths  of  the  spectrum,  and  these 
are  the  ones  which  lose  most  in  passing  through  the  atmosphere,  the  defect  above 
described  is  serious.  It  seemed  to  us  necessary  to  recompute  all  solar-constant  values 
since  1923  by  a  sound  method.  In  doing  so  other  small  sources  of  error  revealed 
themselves.  After  explaining  these  various  matters  we  shall  give  day-to-day  values 
of  the  solar  constant  from  1923  to  1939  as  revised,  from  observations  made  at  Monte¬ 
zuma,  Table  Mountain,  and  Mount  St.  Katherine. 

The  method  of  1923  is  described  briefly  in  paragraph  2,  page  ill,  of  volume  5 
of  the  Annals.  In  principle  it  consisted  as  follows:  Certain  standard  forms  of  the 
solar  spectral-energy  curve,  as  it  is  at  the  observing  station,  were  determined.  There 
were  several  such  forms  for  each  station  depending  on  the  haziness  of  the  day  and 
the  air  mass  at  the  time  of  observation.  Previous  work  had  indicated  that  considerable 
error  in  determining  the  spectral  distribution  of  radiation  at  the  station  made  slight 
effect  on  the  solar  constant.  It  merely  alters  the  weights  assigned  to  different  parts 
of  the  spectrum  when  determining  the  ratio  He0/^e.  Hence  we  thought  ourselves  justi¬ 
fied  in  using  standard  forms  as  above  described,  and  computing  from  the  most  appro¬ 
priate  one  for  a  given  day  and  hour  what  it  would  become  outside  the  atmosphere,  with 
the  actual  transmission  coefficients  appropriate  to  the  precipitable  water  and  the  bright¬ 
ness  of  the  sky  as  observed  on  that  day  itself.  The  ratio  of  the  areas  included  respec¬ 
tively  under  the  extra-atmospheric  curve  and  under  the  standard  curve  (S^0/2^)  was 
used  as  the  multiplier  to  reduce  the  pyrheliometer  to  what  it  would  have  read  if 
observed  outside  the  atmosphere.  All  this  was  set  forth  in  an  extended  set  of  tables, 
so  that  almost  no  daily  computation  remained.  Stated  in  this  way,  the  method  appears 
to  contain  no  flaw. 

But  consider  two  days  when  the  atmosphere  is  identical,  but  the  solar  constant 
is  higher  on  day  A  than  on  day  B.  According  to  the  method  of  1923,  the  solar  con¬ 
stant  is  computed  from  identical  spectral-energy  curves  on  the  two  days,  so  that  the 
ratio,  above  described  is  exactly  the  same  for  one  day  as  for  the  other. 
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Hence  the  solar  constant,  as  computed  by  the  method  of  1923,  will  be  only  as  much 
higher  in  percentage  for  day  A  as  the  pyrheliometer  at  the  station  reads  higher  in 
percentage  on  day  A  than  on  day  B.  In  other  words,  the  method  of  1923  indicates 
only  so  much  of  the  solar  variation  as  reaches  the  surface  of  the  earth  at  the  observ¬ 
ing  station.  In  order  to  get  the  full  measure  of  the  sun’s  variation,  we  must  have 
also  the  difference  between  the  spectral-energy  curves  for  days  A  and  B  at  the 
observatory,  and  the  computed  larger  difference  which  would  have  resulted  in  the 
corresponding  energy  curves  outside  the  atmosphere.  If  the  variation  of  the  sun  had 
been  a  uniform  percentage  for  all  wave  lengths,  there  would  be  no  error  in  the  method 
of  1923.  But  we  suppose  the  percentage  variation  of  solar  radiation  may  be  at  least 
10  times  as  great  in  the  ultraviolet  spectrum  as  in  the  total  radiation.  And  ultraviolet 
rays  are  the  very  ones  which  are  most  diminished  in  passing  through  our  atmosphere. 

Since  the  method  of  1923  did  not  require  the  measurement  of  ordinates  of  the 
holographs  except  in  certain  selected  wave  lengths,  it  followed  that  when  we  undertook 
the  revision  we  had  to  require  the  field  observers,  in  addition  to  their  regular  daily 
work,  to  measure  ordinates  of  all  the  back  plates  since  1923,  before  the  results  could 
be  recomputed.  This  great  work  they  soon  accomplished. 

Prior  to  1923  our  short  method  had  involved  measuring  the  ordinates  of  holo¬ 
graphs  at  many  wave  lengths,  and  reading  from  sets  of  tables  the  atmospheric  trans¬ 
mission  coefficients  at  all  those  wave  lengths  corresponding  to  the  observed  pyra- 
nometer  values.  With  these  coefficients  the  form  of  the  spectral-energy  curve  outside 
the  atmosphere  was  computed  for  each  day  of  observation  from  the  actual  holographs 
taken  at  the  station  exactly  as  in  the  long  method.  This  original  short  method  differed 
in  no  way  from  the  fundamental  method  except  in  determining  the  atmospheric  trans¬ 
mission  coefficients  by  inference  from  the  brightness  of  the  sky  instead  of  from 
observations  at  high  and  low  sun. 

It  occurred  to  us  that,  having  available  the  great  set  of  tables  described  at  the 
top  of  page  1 12,  Annals,  volume  5,  we  could  simplify  and  abbreviate  the  daily  compu¬ 
tations,  while  still  retaining  a  sound  method,  by  proceeding  in  the  following  manner : 

The  tables  available  from  the  method  of  1923  comprised  accurate  logarithmically 
computed  spectral-energy  curves  outside  the  atmosphere,  based  on  numerous  standard 
solar  spectral-energy  forms  taken  inside  the  atmosphere  for  each  of  the  several 
observing  stations.  The  tables  covered  a  wide  variety  of  air  masses  and  atmospheric 
transparencies.  The  air  masses  which  had  been  selected  were  those  most  commonly 
used  for  the  several  observations  of  a  morning,  such,  for  instance,  as  1.5,  1.8,  2.0, 
2.5,  and  3.0.  In  order  to  use  these  tables  in  our  new  method  of  1936,  it  was  necessary 
first  to  compute  a  series  of  tables  for  reducing  the  spectral-energy  curves,  as  actually 
observed  (and  reduced  to  the  average  scale  of  the  standards),  to  what  they  would 
have  been  if  observed  instantaneously  at  one  of  these  standard  air  masses.  Such  cor¬ 
rection  tables  were  therefore  first  prepared.  They  usually  involved  only  such  small 
corrections  to  the  observed  ordinates  of  the  holographic  curves,  after  being  properly 
scaled,  as  could  be  computed  and  applied  by  mental  arithmetic. 

There  would  then  result  such  a  series  of  ordinates  of  a  solar  spectral-energy 
curve  as  would  correspond  instantaneously  to  the  conditions  of  observation,  and  would 
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differ  only  slightly  from  one  of  the  standard  spectral-energy  curves  of  1923.  The 
differences  between  the  two  could  be  taken  out  by  mental  arithmetic. 

A  valuable  check  was  always  computed  at  this  point.  For  the  algebraic  sum  of 
these  differences  ought  to  represent  the  difference  between  the  tabulated  sum  of  the 
ordinates  of  the  standard  curve  and  the  sum  of  the  ordinates  of  the  instantaneously 
observed  curve. 

The  column  of  differences  was  next  multiplied  mentally  by  a  column  of  the 

quantities—,  which  also  could  be  taken  out  from  the  tables  of  1923.  There  resulted 
am 

a  series  of  corrections  at  the  several  wave  lengths,  whose  algebraic  sum  served  as 
a  correction  to  the  tabulated  extra-atmospheric  area  of  a  spectral-energy  curve 
corresponding  to  the  selected  standard  surface  spectral-energy  curve.  In  this  extra- 
atmospheric  correction  resides  the  alteration  from  the  method  of  1923,  and  the  lost 
part  of  the  solar  variation. 

To  make  these  explanations  clearer  we  shall  give  in  the  next  chapter  an  actual 
computation  of  the  sort  described. 

However,  on  a  good  many  days  at  every  station,  clouds  or  other  interferences 
prevented  making  observations  near  enough  to  the  standard  air  masses  to  make  the 
tabular  method  available.  In  these  cases  we  went  back  to  the  method  of  computation 
used  in  the  original  short  method,  as  practiced  from  1919  to  1923.  This  method  dif¬ 
fered  from  the  fundamental  long  method  in  nothing  except  that  the  atmospheric 
transmission  coefficients  were  taken,  as  in  our  present  method,  from  tables  based  on 
the  pyranometer  observations  of  the  brightness  of  the  sky  instead  of  from  the  tedious 
measurements  and  computations  of  observations  made  at  high  and  low  sun. 

We  checked  the  original  short  method  of  1919  against  the  new  short  method 
of  1936,  and  both  methods  against  average  results  of  many  applications  of  the  funda¬ 
mental  long  method,  before  committing  ourselves  unreservedly  to  the  short  methods 
as  of  1919  and  1936.  We  satisfied  ourselves  that  there  is  no  systematic  difference 
in  result  between  the  three  methods,  except  that,  as  has  long  been  known,  the  funda¬ 
mental  long  method  gives  too  high  results  when  the  sky  is  gradually  clearing  through¬ 
out  a  morning,  and  vice  versa.  In  short,  we  are  fully  satisfied  that,  for  determining  the 
intensity  of  the  solar  radiation  outside  the  atmosphere  on  any  individual  day,  the  short 
methods  of  1919  and  of  1936  are  both  good,  and  are  both  more  exact  than  the  funda¬ 
mental  long  method.  Hence,  for  the  highly  exacting  determination  of  the  variation 
of  the  solar  constant,  which  is  our  task,  the  short  methods  are  altogether  preferable 
to  the  fundamental  method.  This  thesis  will  be  further  discussed  in  the  following 
chapter. 

As  explained  in  chapter  2  and  in  the  cited  reference  to  the  Annals,  the  presence 
of  water  vapor  and  ozone  in  the  atmosphere,  and  the  impossibility  of  observing  to 
the  extreme  limits  of  the  sun’s  spectrum  in  the  ultraviolet  and  the  infrared,  all  require 
corrections  to  be  made  to  the  first  result  of  computations  by  any  solar-constant  method. 

The  ozone  correction  is  very  small.  It  is  determined  as  described  on  pages  126 
to  13 1  of  volume  5  of  the  Annals.  It  proves  to  be  not  negligible  at  Table  Mountain 
and  is  always  determined  there  for  each  day  of  observation  individually.  At  Mount 
St.  Katherine  it  is  smaller  than  at  Table  Mountain  and  is  almost  negligible.  We  have 
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found  it  more  accurate  to  apply  io-day  mean  ozone  corrections  for  St.  Katherine 
than  to  use  daily  corrections,  as  at  Table  Mountain.  As  for  Montezuma,  we  computed 
the  ozone  correction  for  many  days  at  all  seasons  of  the  year,  and  for  several  years 
chosen  to  represent  intervals  of  numerous  and  few  sunspots.  We  found  the  ozone 
correction  always  negligible  at  Montezuma,  and  we  no  longer  try  to  determine  it  there. 

As  for  the  ultraviolet  and  infrared  corrections  for  spectral  regions  not  observed, 
we  can  do  no  better  than  to  adopt  the  same  corrections  as  described  on  pages  103  to 
1 10  of  volume  5  of  the  Annals. 

There  remains  to  be  considered  the  absorption  of  radiation  by  water  vapor  in 
our  atmosphere.  Owing  to  the  discontinuous  line  spectrum  character  of  the  absorp¬ 
tion  of  water  vapor,  it  is  not  accurate  to  depend  upon  atmospheric  transmission  coeffi¬ 
cients  measured,  as  in  other  regions  of  the  spectrum,  by  observing  at  high  and  low 
sun,  or  by  observing  the  brightness  of  the  sky  near  the  sun.  We  have  to  rely  on  our 
knowledge  that  outside  the  atmosphere  water-vapor  absorption  is  zero.  But  it  is 
impossible  to  be  sure  that  we  can  draw  a  correct  spectral-energy  curve,  as  it  would 
be  outside  the  atmosphere,  in  the  region  of  the  great  infrared  water-vapor  bands. 
They  cover  such  wide  spectral  reaches  that  our  best  interpolations  of  the  extra- 
atmospheric  spectral-energy  curve  in  these  regions  can  be  no  more  than  plausible 
estimations,  and  must  be  more  or  less  erroneous.  Moreover  as  the  water-vapor  bands 
change  from  day  to  day,  and  from  air  mass  to  air  mass,  the  error  thus  made  must 
change  too.  Hence  unless  such  errors  can  be  eliminated,  we  cannot  hope  to  determine 
the  sun’s  real  variation. 

Our  recourse  in  this  matter,  and  covering  also  other  obscure  types  of  error  in 
the  solar-constant  determinations,  is  to  make  the  assumption  that  in  averages  covering 
intervals  of  several  years,  except  for  allowance  for  real  variability  of  the  sun,  the 
solar  constant  should  remain  unchanged  in  all  types  of  weather,  whatever  the  humidity 
of  the  atmosphere  or  the  haziness  of  the  sky.  To  apply  this  criterion,  we  must 
assemble  all  our  daily  solar-constant  values  in  a  number  of  groups  representing 
different  standard  air  masses,  different  values  of  precipitable  water,  and  different 
values  of  pyranometry.  Taking  the  mean  result  for  each  such  group,  we  may  then 
determine  and  apply  statistically  determined  corrections  to  the  result  of  each  day’s 
computation  of  the  solar  constant,  such  that  over  a  long  period  of  time  every  air 
mass  and  every  type  of  weather  will  yield  the  same  average  solar-constant  value. 

In  determining  these  statistical  corrections,  the  real  variation  of  the  sun  would 
produce  errors  if  too  short  an  interval  of  time  was  used.  But,  over  a  period  of  several 
years,  solar  variations  will  be  eliminated  to  a  great  extent.  Nevertheless,  to  test  the 
matter  we  have  tried  to  take  some  account  of  them,  though  it  makes  almost  no  appre¬ 
ciable  effect.  Using  our  two  stations,  Montezuma  and  St.  Katherine,  we  first  worked 
out  the  statistical  corrections  of  each  station  independently,  assuming  the  sun  invari¬ 
able.  We  then  found  that  the  smoothed  curves  for  the  two  stations  went  along  fairly 
parallel  and  showed  coincidentally  ups  and  downs  of  the  average  order  of  1  percent, 
which  we  must  attribute  to  solar  changes.  We  took  the  average  indication  of  the  two 
stations  as  to  these  departures  of  the  smoothed  curves  from  constancy  and  corrected 
all  daily  observations  of  both  stations  to  eliminate  these  smoothed-curve  departures. 
Then  we  again  determined  the  statistical  corrections,  and  reapplied  them  to  the 
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original  observations  as  before.  However,  the  daily  values  were  but  very  slightly 
affected  by  this  refinement.  We  had  the  advantage  of  so  long  time  intervals  at 
Montezuma  and  Table  Mountain  that  use  of  the  corrections  for  solar  change  in 
working  out  the  statistical  corrections  for  these  stations  is  unnecessary. 

Besides  the  sources  of  error  thus  far  discussed,  we  found  in  these  more  refined 
redeterminations  of  the  solar  constant  that  we  had  previously  erred  in  neglecting 
the  contribution  to  pyrheliometric  readings  made  by  the  small  area  of  sky  around 
the  sun,  which  in  addition  to  the  sun  itself  shines  upon  the  sensitive  part  of  the 
pyrheliometer.  If  the  sky  was  always  equally  bright,  this  would  be  unimportant  in 
estimating  the  sun’s  variation.  But  the  haziness  changes  from  day  to  day,  and  with 
it,  and  with  differences  in  the  air  mass  also,  there  is  a  change  produced  in  the  solar 
constant  by  this  cause  which  may  reach  0.5  percent.  The  error  is,  of  course,  different 
at  the  different  stations,  and  hence  leads  to  divergence  in  their  indications  of  solar 
variation. 

Our  attention  was  drawn  to  this  subject  because  in  recent  years  we  have  used 
a  modified  form  of  Angstrom’s  electrical-compensation  pyrheliometer  at  all  our  sta¬ 
tions  for  daily  observing,  but  have  checked  its  constancy  by  almost  daily  comparisons 
with  the  silver-disk  pyrheliometers.  We  found  that  such  comparisons  showed  a 
wavering  ratio  between  the  two  instruments,  apt  to  rise  gradually  for  several  days 
and  then  retreat  for  several  days.  This  march  of  ratios  of  the  readings  of  the  two 
kinds  of  pyrheliometers  was  soon  found  to  be  a  function  of  the  pyranometry,  or,  in 
other  words,  of  the  haziness  of  the  sky.  It  then  occurred  to  us  that  in  the  Angstrom 
type  of  pyrheliometer  the  two  sensitive  measuring  strips  are  both  always  shined  upon 
by  equally  large  areas  of  sky  near  the  sun,  whether  the  sun  itself  shines  on  the  one 
strip  or  the  other.  Although  the  shaded  strip  sees  sky  a  little  farther  away  from  the 
sun,  on  the  average,  than  does  the  exposed  strip,  still  the  balance  of  sky  effects 
on  the  two  strips  must  always  be  very  close.  Hence,  in  the  Angstrom  pyrheliometer, 
sky  radiation  is  nearly  eliminated.  Not  so  with  the  silver-disk  pyrheliometer,  which, 
as  we  now  ordinarily  construct  it,  sees  a  circle  of  sky  10  times  the  diameter  of  the  sun. 

Assuming  that  the  sky  effect  is  nearly  negligible  with  the  Angstrom  pyrheli¬ 
ometer,  we  were  able  to  compute  for  each  station,  from  comparisons  of  the  two  types 
of  pyrheliometers,  corrections  to  all  silver-disk  pyrheliometer  readings,  as  functions 
of  the  air  mass  and  the  pyranometry.  These  corrections  we  now  apply  to  all  silver- 
disk  pyrheliometer  observations  before  employing  them  to  compute  the  solar  constant. 
There  is,  however,  remaining  from  former  times  a  very  small  error  in  all  of  our 
published  atmospheric  transmission  coefficients  including  those  which  are  the  basis 
of  the  short  method.  This  error  is  introduced  by  the  sky-radiation  effect.  For  in  the 
long  method  we  have  always  made  the  areas  of  holographs  to  be  proportional  to  the 
simultaneous  values  of  the  pyrheliometer,  just  as  Langley  did  long  ago  in  reducing 
the  Mount  Whitney  observations.  And  though  we  have  corrected  the  pyrheliometry 
for  sky  brightness  in  the  tables  we  here  publish,  we  did  not  redetermine  the  atmos¬ 
pheric  transmission  coefficients  in  the  many  long-method  values  used  as  a  basis  for 
the  short  method.  But  the  variable  part  of  this  very  small  source  of  error  in  the 
atmospheric  transmission  coefficients,  which  of  course  flows  from  the  long  method 
into  the  short  methods  also,  is,  like  other  obscure  errors,  eliminated  by  the  application 
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of  statistical  corrections,  as  above  described.  It  is  not  material  for  determining  solar 
variation  if  the  general  scale  of  the  solar-constant  values  is  raised  or  lowered  from 
this  cause.  We  shall  not  attempt  at  present  to  improve  our  average  value  of  the  solar 
constant,  which  we  still  regard  to  be  1.94  calories  per  square  centimeter  per  minute. 

We  have  recently  devised  two  new  forms  of  pyrheliometer,  somewhat  similar 
to  the  silver-disk  type,  in  which  sky  effects  are  almost  completely  eliminated.  In  one 
of  these  the  silver  disk  is  eliminated,  and  the  thermometer  itself  has  a  large  cup¬ 
shaped  bulb  to  contain  the  mercury.  The  cup  is  blackened  within,  and  receives  the 
sun  rays  transmitted  through  a  quartz  lens  of  about  30  cm.  focus.  They  then  pass 
at  their  focus  through  a  circular  diaphragm  6  mm.  in  diameter  before  entering  the 
cup.  This  reduces  the  sky  area  seen  by  the  sensitive  receiver  to  only  twice  the  diameter 
of  the  sun,  with  a  reduction  of  the  sky  radiation  effect  of  something  like  fiftyfold  as 
compared  to  the  silver-disk  pyrheliometer.  In  the  other  new  form  of  pyrheliometer 
we  use  a  cylinder  of  copper  only  7  mm.  in  diameter,  which  receives  the  rays  on  its 
blackened  end.  The  rise  of  temperature  of  the  copper  cylinder  is  measured  by  thermo¬ 
electric  means,  instead  of  by  mercury  thermometry,  and  thus  a  very  much  smaller 
rise  of  temperature  is  sufficient  for  equal  percentage  accuracy.  But  since  the  receiver 
is  only  about  £  the  diameter  of  the  silver  disk,  all  the  diaphragms  of  the  vestibule  are 
correspondingly  reduced,  and  hence  the  sky  effect  is  reduced  at  least  tenfold.  We  hope 
to  describe  these  instruments  more  fully  in  a  later  publication. 

Finally,  in  reducing  this  long  series  of  solar  measurements,  we  found  several 
occasions  when  discontinuities  of  scale  appeared  to  occur  at  one  or  other  of  the  stations. 
Sometimes  these  discontinuities  appeared  to  attend  the  change  of  observers.  We 
investigated,  and  determined  as  accurately  as  possible  through  intercomparisons,  the 
personal  equations  of  all  the  observers  reading  the  silver-disk  pyrheliometers.  The 
method  of  making  such  determinations  of  personal  equation  is  explained  and  illus¬ 
trated  on  pages  137  to  138  of  volume  5  of  the  Annals.  We  shall  not  go  into  details 
here,  but  will  only  remark  that,  where  necessary,  corrections  have  been  applied  after 
that  manner  for  the  personal  equations  of  the  observers. 

Other  discontinuities  occurred  when  changes  of  instruments  were  made.  A  very 
obscure  case  of  this  kind  occurred  in  the  Montezuma  series  in  December  1936.  It 
will  be  instructive  to  relate  this  case  in  detail.  There  were  at  Montezuma  in  1936 
four  silver-disk  pyrheliometers,  Nos.  S.  I.  29,  S.  I.  30,  S.  I.  47,  and  S.  I.  48.  The 
first  two  were  of  the  original  type  having  vestibules  only  20  cm.  long.  The  last  two 
were  of  a  special  type  having  80-cm.  vestibules  and  seeing  much  less  sky  than  S.  I.  29 
and  S.  I.  30.  These  long-vestibule  pyrheliometers,  S.  I.  47  and  S.  I.  48,  were  used  to 
check  the  constancy  of  the  Angstrom-type  instrument  used  in  daily  readings  from 
1933  t°  1936,  inclusive. 

On  October  18,  1936,  the  Angstrom- type  instrument  used  in  the  daily  observa¬ 
tions  was  injured.  New  parts  were  inserted  on  October  27.  Between  that  date  and 
November  5,  40  satisfactory  comparisons  with  silver-disk  pyrheliometers  S.  I.  47 
and  S.  I.  48  yielded  the  value  1497  as  the  constant  of  the  repaired  Angstrom-type 
pyrheliometer.  Numerous  comparisons  in  the  month  following  showed  no  change. 
Then  on  December  8,  with  the  purpose  of  using  larger  and  hence  more  precise  read¬ 
ings  upon  the  ammeter  used  in  Angstrom  observations,  new  shunts  were  prepared 
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for  it.  Many  satisfactory  comparisons  between  December  8,  1936,  and  January  29, 
I93 7,  with  S.  I.  47  and  S.  I.  48  gave  a  mean  constant  of  1509  for  the  Angstrom. 
But  on  January  31,  1937,  S.  I.  48  was  broken.  Thereafter  S.  I.  29  and  S.  I.  30  were 
used  for  comparisons,  during  1937  and  much  of  1938. 

Comparisons  with  S.  I.  29  and  S.  I.  30  indicated  a  constant  for  the  Angstrom 
of  1497,  identical  with  what  had  been  found  before  the  change  of  shunts.  The  ob¬ 
servers  therefore  assumed  that  the  change  of  shunts  had  made  no  difference,  and  that 
the  comparisons  of  December  1936  and  January  1937  had  for  some  reason  been 
misleading.  The  solar  constants  were  all  computed  with  the  constant  1497. 

But  when  the  years  1933  to  1939  were  plotted  continuously  it  appeared  that 
Montezuma  after  December  1936  was  about  §  of  1  percent  lower  with  respect  to 
St.  Katherine  and  Table  Mountain  than  before.  Research  into  the  causes  brought 
to  our  minds  afresh  the  accident  of  October  18,  and  the  shunt  change  of  December  8, 
and  the  series  of  comparisons  of  S.  I.  47  and  S.  I.  48  from  October  1936  to  Jan¬ 
uary  1937. 

We  perceived  that  the  numerous  comparisons  between  October  27  and  Decem¬ 
ber  8  had  satisfactorily  tied  the  solar-constant  values  of  that  interval  to  those  which 
had  preceded  October  18.  Also  the  numerous  satisfactory  comparisons  of  the  Ang¬ 
strom  with  S.  I.  47  and  S.  I.  48  from  December  8,  1936,  to  January  29,  1937,  had 
demonstrated  that  with  the  new  shunts  the  Angstrom  constant  had  changed  by  f  of 
1  percent.  Hence  we  were  justified  in  raising  the  scale  of  solar-constant  values  at 
Montezuma  by  f  of  1  percent  from  December  8,  1936,  notwithstanding  the  contrary 
indication  of  comparisons  with  S.  I.  29  and  S.  I.  30.  Further  investigation  explained 
the  latter  discrepancy  as  having  been  due  to  the  unequal  apertures  of  S.  I.  29  and 
S.  I.  30  as  compared  to  S.  I.  47  and  S.  I.  48  in  combination  with  the  dustiness  caused 
by  the  Chilean  volcanic  eruption  of  1932.  This  caused  S.  I.  29  and  S.  I.  30  to  read 
unnaturally  high  compared  to  S.  I.  47  and  S.  I.  48  when  these  latter  instruments  first 
came  into  use  in  1933,  and  so  modified  the  constants  of  S.  I.  47  and  S.  I.  48  as  later 
employed,  for  they  were  determined  by  intercomparisons  with  S.  I.  29  and  S.  I.  30. 
The  general  scale  of  solar  constants,  1933  to  1939,  rests  on  many  comparisons  of 
solar-constant  values  before  and  after  the  complete  change  made  in  1933,  and  so  is 
independent  of  these  intercomparisons  of  pyrheliometers. 

In  the  present  volume  we  shall  give  tables  of  10-day  and  monthly  mean  values 
covering  the  years  1920  to  1939.  They  are  derived  from  results  of  Harqua  Hala, 
Montezuma,  Table  Mountain,  and  Mount  St.  Katherine.  The  station  Montezuma 
has  been  occupied  continuously  throughout  this  interval.  It  is  our  best  station,  as 
shown  by  the  consistency  of  its  results  and  by  the  favorable  character  of  its  sky 
conditions.  Our  first  care,  to  obtain  an  unvarying  scale  of  solar-constant  values  for 
20  years,  has  been  to  make  Montezuma  results  consistent  with  themselves. 

There  have  been  three  principal  changes  of  apparatus  at  Montezuma.  The  first 
was  the  introduction  of  a  vestibule  to  the  pyranometer  which  limited  the  area  of  sky 
observed.  This  occurred  in  November  1921.  The  second  was  the  introduction  of  a 
shade  1  meter  above  the  pyranometer  strip,  which  prevented  direct  sunlight  from 
striking  any  part  of  the  instrument.  This  was  introduced  in  June  1932  and  required 
a  new  system  of  reductions  altogether.  The  third  was  the  introduction  of  the  modified 
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Angstrom-type  pyrheliometer  for  daily  observations.  This  was  introduced  in  No¬ 
vember  1935.  In  each  case  comparative  observations  and  solar  constants  were  obtained 
on  many  days  with  both  the  old  and  the  new  devices  and  systems.  From  comparisons 
of  results  the  new  instruments  and  systems  of  reduction  were  so  calibrated  in  terms 
of  the  old  as  to  preserve  the  scale  of  solar-constant  values  as  nearly  as  possible  un¬ 
changed.  The  general  scale  at  Montezuma,  as  already  stated,  depends  on  making 
the  average  solar  constant  over  terms  of  years  the  same  as  that  of  Mount  Wilson. 

In  similar  ways  we  endeavored  to  keep  the  scales  of  the  other  stations  consistent 
with  themselves  during  the  whole  interval  when  they  were  observing.  We  reduced 
their  general  scales  to  the  scale  of  Montezuma  at  each  station  by  comparing  their 
daily  values  with  those  of  Montezuma  over  long  intervals.  Finally,  after  the  great 
table  of  daily  values,  1920  to  1939,  was  ready,  monthly  mean  values  were  computed 
at  each  of  the  stations  and  the  results  from  all  stations  were  plotted  in  parallel  posi¬ 
tions  on  a  very  large  scale.  Then  there  appeared  at  various  points  sudden  and  long- 
continued  displacements  of  scale  between  the  stations. 

These  discrepancies  were  always  found  to  have  occurred  when  some  known 
change  had  happened  at  one  of  the  stations.  We  felt  ourselves  justified  in  applying 
corrections  at  such  times  to  the  scale  of  the  stations  where  the  alteration  of  conditions 
had  occurred.  Such  corrections  remained  unaltered  for  many  months.  Thus  we  har¬ 
monized  the  results  of  the  disturbed  station  with  the  scale  of  the  stations  where 
conditions  had  not  changed  at  these  times. 

In  this  way  we  have  done  our  best  to  maintain  a  fixed  scale  of  monthly  mean 
solar-constant  values  from  1920  to  1939.  With  the  monthly  mean  results  as  standards 
of  scale,  the  scales  of  daily  results  of  all  stations  have  been  adjusted  to  conform  to  it. 

The  several  adjustments  made  in  the  reconciliation  of  scales  are  as  follows : 

1.  Results  of  Flarqua  Hala,  1920-1925.  From  volume  5  of  these  Annals,  table 
29a,  the  monthly  means  of  long-method  values  of  Harqua  Flala  were  computed.  In 
cases  where  only  one  or  two  long-method  values  per  month  were  available,  the  mean 
value  for  several  months  was  taken.  These  monthly  mean  long-method  values  of 
Harqua  Hala  were  compared  with  monthly  mean  short-method  values  of  Montezuma, 
Annals,  volume  5,  table  31.  From  this  comparison  it  was  found  that  the  average 
scale  of  long-method  values  at  Harqua  Hala  was  0.004  calorie  lower  than  that  of 
Montezuma  short  methods. 

The  next  step  was  to  compare  the  mean  monthly  long-method  values  of  Harqua 
Hala  with  mean  monthly  short-method  values  of  Harqua  Hala.  The  latter  were  pub¬ 
lished  in  a  provisional  way  without  correction  of  scale  in  Smithsonian  Miscellaneous 
Collections,  volume  77,  No.  3,  table  1,  as  far  as  November  1924.  Unpublished  short- 
method  values  of  Harqua  Hala  were  available  as  far  as  October  1925. 

The  comparison  of  long-method  with  short-method  Flarqua  Hala  values  indicated 
that  the  two  were  on  the  same  scale  for  the  years  1920,  1921,  and  1922.  But  begin¬ 
ning  with  January  1923  Harqua  Hala  short-method  monthly  mean  values  were  lower 
by  0.008  calorie  than  those  of  the  long  method  at  Harqua  Hala  up  to  February  1924. 
From  March  1924  to  October  1925  this  difference  increased  to  be  0.012  calorie. 

Hence,  finally,  to  reduce  the  provisional  scales  of  Harqua  Hala  short-method 
values  to  the  scale  of  Montezuma  short-method  values  we  employed  the  scale  of 
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Harqua  Hala  long-method  values  as  intermediary  and  obtained  the  following  correc¬ 
tions  to  reduce  Harqua  Hala  short  method  to  Montezuma  scale : 

Prior  to  January  1923,  add  0.004  calorie. 

January  1923  to  February  1924,  add  0.012  calorie. 

March  1924  to  October  1925,  add  0.016  calorie. 

2.  Results  of  Table  Mountain,  1926-1939.  From  January  1926  to  September 
1928  there  was  no  change  from  the  preliminary  scale  we  had  fixed  for  Table  Mountain. 
Extraordinary  results  of  pyranometry  appearing,  they  were  traced  on  September  1 1 , 
1928,  to  the  rubbing  off  of  parts  of  the  blacking  of  the  vestibule  of  the  instrument  at 
Table  Mountain,  so  that  sunlight  was  scatter ingly  reflected  onto  the  sensitive  strip. 
After  reblackening,  corrections  were  determined  and  applied.  But  when  monthly 
mean  values  of  Table  Mountain  were  plotted  parallel  with  Montezuma  values  it  was 
seen  that  from  September  1928  to  December  1929  Table  Mountain  values  were  high. 
No  change  having  been  made  at  Montezuma,  and  a  doubtful  change  having  been 
made  at  Table  Mountain,  the  average  correction  — 0.004  calorie  was  applied  to  all  Table 
Mountain  results  from  September  1928  to  December  1929  to  reconcile  the  scales. 

A  bad  disagreement  occurs  between  Table  Mountain  and  Montezuma  for  the 
months  February  to  May,  1932.  However,  no  correction  has  been  applied.  The  causes 
of  the  disagreement  are  known.  A  volcanic  eruption  occurred  in  Chile  which  for  a 
time  contaminated  the  atmosphere  there  with  dust.  It  is  probable  that  the  Montezuma 
results  may  have  been  too  high  at  this  time.  On  the  other  hand,  as  shown  by  figure  7, 
Annals,  volume  5,  Table  Mountain  sky  is  always  very  hazy  and  the  atmospheric 
humidity  there  is  very  high  during  these  months.  The  mean  solar-constant  values  for 
these  months  at  Table  Mountain  are  unduly  low  in  almost  every  year.  But  in  1932 
they  were  unusually  low.  We  might  have  determined  a  correction  for  all  years  to 
the  spring  monthly  means  at  Table  Mountain,  depending  on  precipitable  water  and 
pyranometry,  but  it  would  not  have  been  applicable  to  the  daily  values,  for  on  some 
days  in  these  months  the  conditions  are  excellent.  Therefore  we  have  attempted  no 
correction  of  the  sort. 

In  May  1933  a  shade  was  attached  to  the  Table  Mountain  pyranometer  at  1  meter 
above  the  sensitive  strip,  so  as  to  prevent  direct  sunlight  from  striking  any  part  of 
the  instrument.  This,  of  course,  altered  the  angle  of  sky  observed.  New  tables  had 
to  be  prepared  for  the  short  method.  The  new  system  was  brought  to  the  scale  of 
the  old  pretty  closely,  but  after  comparison  with  Montezuma  the  Table  Mountain 
scale  was  diminished  by  subtracting  0.005  calorie  from  all  Table  Mountain  values  in 
which  the  new  system  was  used  from  May  14,  1933,  to  July  1936. 

In  July  1936  the  bolometer  at  Table  Mountain  was  broken.  A  new  one  was 
installed,  but  apparently  the  spectral  definition  was  altered  with  it.  From  August 
1936  to  July  1938  the  subtractive  correction  for  the  Table  Mountain  scale  required 
to  be  increased  from  0.005  to  0.006  calorie. 

In  August  1938  there  occurred  a  change  of  observers  at  Table  Mountain,  and 
for  a  considerable  time  the  assistant  observed  alone.  An  apparent  shift  of  scale  seemed 
to  occur  at  this  time.  This  shift  was  such  as  to  eliminate  the  difference  between  the 
scales  of  Table  Mountain  and  Montezuma.  But  it  was  noted  that  the  ozone  correc¬ 
tions  at  Table  Mountain  grew  continuously  more  negative  at  this  same  time.  This 
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discrepancy  was  investigated.  It  was  found  to  be  caused  by  a  change  of  form  of  the 
energy-spectrum  curve,  due,  we  suppose,  to  some  maladjustment  of  the  spectroscope. 
This  change  of  form  of  the  energy-spectrum  curves  made  the  standards  of  ordinates 
referred  to  on  page  126  of  volume  5  1  of  the  Annals  inapplicable.  On  computing  new 
standards  and  redetermining  the  ozone  corrections  for  a  number  of  days,  they  became 
uniformly  more  positive  by  0.005  calorie.  This  error  in  ozone  correction  substantially 
eliminated  the  difference  between  the  scales  of  Table  Mountain  and  Montezuma,  so 
that,  without  redetermining  the  ozone  corrections  for  the  erroneous  period,  we  merely 
omit  the  scale  correction  of  Table  Mountain  after  September  1938. 

3.  Results  at  Mount  St.  Katherine.  No  changes  of  scale  were  found  necessary 
after  the  adjustment  of  the  whole  St.  Katherine  solar-constant  series  of  1933  to  1937 
to  the  scale  of  Montezuma. 


1  See  Annals,  vol.  5,  pp.  126-131,  1932. 


Chapter  4 


DETAILED  DISCUSSION  OF  THE  MEASUREMENT  OF 

SOLAR  RADIATION 


Between  1905  and  1920,  Smithsonian  observers  made  many  measurements  of 
the  solar  constant  of  radiation,  mostly  at  Mount  Wilson,  Calif.  This  quantity  is 
defined  as  the  mean  intensity  of  solar  radiation  outside  the  earth’s  atmosphere,  and 
is  usually  expressed  in  heat  units,  in  calories  per  square  centimeter  per  minute.  Our 
investigations  just  referred  to  led  to  the  value  1.94  cal.  per  cm.2  per  min.  They 
admitted  of  some  uncertainty  whether  the  scale  employed  was  exactly  in  calories,  and 
whether  sufficient  allowances  were  added  to  cover  ultraviolet  and  infrared  rays  not 
observed. 

More  recent  work  has  indicated  that  the  value  just  quoted  should  be  diminished 
by  about  2  percent  for  error  of  scale,  but  on  the  other  hand  somewhat  doubtfully 
increased  about  2  percent  for  deficient  allowances  for  ultraviolet  and  infrared  rays 
not  observed.  On  the  whole  the  value  1.94  cal.  per  cm.2  per  min.  may  still  stand  as 
our  best  estimate  of  the  solar  constant.1 

During  these  investigations  the  impression  prevailed  among  the  Smithsonian 
observers  that  apart  from  the  readily  calculable  variation  of  the  intensity  of  the  sun’s 
radiation  as  it  reaches  the  planet  earth,  caused  by  the  change  of  radius  vector  of  the 
earth’s  orbit,  there  were  real  variations  of  the  emission  of  the  sun,  small  indeed  in 
percentage,  but  large  enough  to  be  of  importance  in  weather.  The  present  publication 
has  for  its  main  contents  the  evidence  for  this  conclusion. 

Although  previous  volumes  of  these  Annals,  and  other  publications  from  the 
Smithsonian  Institution,  have  discussed  at  great  length  the  methods  employed  and 
the  results  obtained  in  earlier  years,  it  is  thought  that  our  thesis  that  there  is  important 
variation  in  the  sun’s  emission  will  be  more  clearly  appreciated  by  readers  if  the 
methods  and  results  of  observation  are  set  forth  anew  in  detail. 

It  will  be  obvious  that  since  the  variable  atmosphere  intercepts  a  part  of  the 
sun’s  rays  it  is  advantageous  to  observe  at  high  levels,  above  the  grosser  and  more 
variable  constituents  which  make  up  a  changing  load  upon  the  permanent  gaseous 
body  of  the  atmosphere.  It  will  be  clear,  too,  that  stations  near  the  Tropics  are 
preferable,  because  the  sun  there  reaches  higher  altitudes  above  the  horizon,  where  the 
mass  of  air  traversed  by  the  solar  beam  is  less,  and  because  the  winds,  which  hinder 
observation  and  raise  dust,  are  weaker. 

The  work  to  be  described  in  this  volume  was  done  at  the  following  stations : 2 


Altitude, 

Location  feet  Latitude 

Montezuma,  Chile  .  8,895  22°40'  S. 

Table  Mountain,  Calif .  7,500  34°22'  N. 

Mount  St.  Katherine,  Egypt....  8,500  28°31' N. 


Longitude 

68°  56'  W. 
117°41'W. 
33°  56'  E. 


1  See  Annals,  vol.  4,  p.  192,  1922;  vol.  5,  pp.  103-110,  1932;  Gerland’s  Beitr.  Geophys.,  vol.  16,  No.  4,  pp.  344-383, 
1927;  Smithsonian  Misc.  Coll.,  vol.  87,  No.  15,  1932;  vol.  92,  No.  13,  1934. 

2  The  station  Mount  Brukkaros,  South-West  Africa,  was  also  occupied  during  the  interval  to  be  covered  here, 
but  it  was  so  far  inferior  that  its  results  have  not  been  rereduced,  and  must  be  looked  for  only  in  volume  5  of  these 
Annals  where  they  are  subject  to  sources  of  error  which  we  have  now  eliminated. 
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The  measurement  of  the  intensity  of  the  sun’s  radiation  as  it  is  outside  our 
atmosphere  proceeds  as  follows: 

1.  Measurement  of  the  total  intensity  of  solar  radiation  at  the  observing  station  (A). 

2.  Measurement  of  the  distribution  of  solar  radiation  in  the  spectrum. 

3.  Determination  of  the  atmospheric  transmission  at  selected  wave  lengths  throughout  the 
spectrum. 

4.  Computation  of  the  distribution  of  solar  radiation  as  it  is  in  the  spectrum  outside  the 
atmosphere. 

5.  Summation  of  the  energy  of  all  parts  of  the  spectrum  as  measured  at  the  station  (B),  and 
as  computed  outside  the  atmosphere  (C). 

6.  Multiplying  the  quantity  (A)  by  the  ratio  of  quantities:  i.e.,  (C)  divided  by  (B). 

In  the  following  pages  we  shall  describe  our  methods  of  accomplishing  these 
several  steps. 

1.  MEASURING  THE  TOTAL  SOLAR  RADIATION  AT  THE 
OBSERVING  STATION 

The  progress  of  Smithsonian  solar  work  led  to  the  development  of  the  silver-disk 
pyrheliometer  in  1910.3  In  this  instrument,  as  shown  in  figure  4,  the  sun’s  rays  enter 
through  a  diaphragmed  vestibule,  e,  and  fall  through  a  limiting  diaphragm,  /s,  upon 
a  blackened  disk  of  silver,  a,  where  they  are  absorbed  and  produce  heat.  A  ther¬ 
mometer,  b,  is  inserted  radially  into  the  silver  disk.  In  order  to  give  good  heat  contact 
a  very  thin  steel  thimble  lines  the  hole  in  the  silver  disk,  and  within  this  thimble  the 
bulb  of  the  thermometer  is  bathed  in  mercury.  To  shield  the  disk  from  rapid  heat 
changes  due  to  the  surroundings,  the  disk,  a,  lies  centrally  in  a  thick-walled  copper 
box,  c,  itself  swathed  by  thick  wooden  walls,  d.  A  shutter,  g,  of  three  leaves,  h, 
screens  the  disk  from  the  sun  at  the  pleasure  of  the  observer,  and  the  whole  instru¬ 
ment  is  shaded  under  a  wide  screen,  k,  at  the  top  of  the  vestibule.  Accurate  pointing 
is  promoted  by  a  pinhole  solar  beam,  i.  The  instrument  is  equatorially  mounted  and 
moved  along  by  a  screw  to  follow  the  sun.  The  thermometer  of  the  silver-disk  pyrheli¬ 
ometer  is  read  as  follows  in  our  practice 4  to  accomplish  two  or  more  complete 
observations. 


Shutter  a  Times  of  making  exact  readings 

Shutter  closed  ....  0m20s  to  2m03  4,n203  to  6m0s  8m208  to  10m09 

Shutter  open .  2m20s  to  4m03  6m203  to  8m03 

and  so  on 


“  Shutter  opened  after  2m0s  and  after  6m0s.  Shutter  closed  after  4m0s  and  after  8m03. 

Readings  may  be  made  with  a  watch  in  the  hand  of  the  observer,  but  in  all  recent 
times  we  have  employed  a  half-second’s  pendulum,  which  operates  an  electric  escape¬ 
ment  in  such  a  way  as  to  make  loud  beats  each  second  and  to  ring  a  warning  bell  10 
seconds  before  each  reading.  Thus  the  observer  uses  the  eye  and  ear  method  of 
reading,  and  concentrates  with  his  eye  upon  the  mercury  column  of  the  thermometer. 
To  avoid  parallax  he  holds  his  eye  so  that  the  reflection  of  the  graduation  nearest 
the  top  of  the  moving  column  of  mercury  comes  back  in  line  with  that  graduation  at 
all  times. 

3  See  descriptions  as  follows:  Smithsonian  Misc.  Coll.,  vol.  56,  No.  19,  1911 ;  and  vol.  56,  No.  19,  1922;  Annals, 
vol.  3,  pp.  47-52  and  68-70,  1913 ;  and  vol.  5,  pp.  81-89,  1932. 

4  Preferably,  however,  a  pause  is  made  after  each  complete  single  observation,  so  as  to  give  an  independent 

determination  of  each  cooling  correction. 
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Every  thermometer  used  in  these  instruments  is  calibrated  in  a  bath  of  water  of 
controlled  temperatures,  and  the  percentage  corrections  to  an  apparent  change  of 
temperature  to  allow  for  inequalities  of  bore  of  the  stem  are  tabulated. 

In  accordance  with  the  practice  of  precision  mercury  thermometry,  the  readings 
are  reduced  to  what  they  would  have  been  had  the  stem  been  always  at  20°  C.  For 
instance,  on  one  day  let  the  stem  be 
at  the  temperature  of  30 0  and  on 
another  day  at  io°.  Let  an  approxi¬ 
mate  apparent  expansion  of  40  be 
caused  by  the  solar  exposure  on  each 
of  the  days.  Then  since  the  mercury 
in  the  stem  is  less  dense  on  the  first 
day  than  on  the  second,  a  lesser  rise 
of  temperature  of  the  bulb  suffices 
on  the  first  day  than  on  the  second 
to  produce  40  difference  in  readings. 

Accordingly  we  correct  the  ob¬ 
served  rise  of  temperature  (AT) 
due  to  solar  exposure  by  the  expres¬ 
sion  (AT)iC(20° — t )  where  t  is 
the  air  temperature  of  the  surround¬ 
ings  and  K'  is  0.00014. 

A  second  and  larger  correction 
is  applied  to  eliminate  the  combined 
influences  of  changes  in  specific 
heat,  changes  in  linear  dimensions, 
changes  in  conductivity  and  convec¬ 
tion,  and  other  changes  produced  by 
alterations  of  temperature  of  the 
silver  disk.  Their  combined  influ¬ 
ence  causes  the  readings  to  decrease 
with  increasing  temperature.  These 
changes  are  not  determined  from 
theory  but  by  experiment,  and  are 
lumped  together  in  a  single  coeffi¬ 
cient  K,  adapted  to  reduce  readings 
to  a  30 0  temperature  of  the  silver 
disk.  The  coefficient  K  was  first 
determined  by  C.  G.  Abbot  and 

L.  B.  Aldrich  at  Washington  in  the  years  1910-11.  They  made  50  comparisons 
among  6  silver-disk  pyrheliometers,  arranging  that  one  of  a  pair  should  be  warm, 
the  other  cold  in  one  set  of  comparisons,  and  these  conditions  of  temperature  reversed 
in  another  set.  As  Dr.  Fuessner  5  believed  both  the  coefficients  K  and  K'  unnecessary, 
a  new  determination  of  K  was  made  at  Table  Mountain,  Calif.,  by  Zodtner  and  Greeley 

5Zeitschr.  Meteorol.,  vol.  53,  No.  10,  pp.  36^-374,  1936;  also  Smithsonian  Misc.  Coll.,  vol.  95,  No.  23,  1937. 


Fic.  4. — Abbot  silver-disk  pyrheliometer. 
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in  the  year  1937.  They  employed  two  silver-disk  pyrheliometers,  reading  one  inside 
a  warmed  room  with  open  window,  the  other  in  the  snow  outside.  The  pyrheliometers 
were  interchanged,  and  each  observer  read  each  pyrheliometer,  both  warm  and  cold. 
Their  observations  covered  a  temperature  range  from  —  i°o6  to  +  36°.4  C.  After 
34  comparisons  the  mean  result  obtained  by  Zodtner  and  Greeley  agreed  identically 
with  the  result  of  Abbot  and  Aldrich,  and  gave  the  coefficient  K  =  0.0011.  We 
therefore  multiply  the  observed  rise  of  temperature  (AT),  due  to  solar  exposure, 
by  the  quantity  K(£— 3 o°)  to  compute  this  correction  to  the  observed  tempera¬ 
ture  rise.6 

We  give  a  specimen  of  a  complete  pair  of  readings  of  a  silver-disk  pyrheliometer 
and  their  reduction. 

Table  i. — Specimen  pyrheliometer  readings 
Montezuma,  March  2,  1925.  Observer :  L.  B.  Aldrich 


Pyrheliometer  S.I.  29.  t' 

=  18?6 

Times  I  . 

..  ir04m208 

06m00s 

06m20s 

08m00s 

08m209 

10m003 

Readings  . 

. .  24? 89 

24?83 

25?  59 

29?41 

29?30 

28?54 

Times  II  . 

..  llh15m20s 

17m003 

17m203 

19m003 

19m203 

21m00* 

Readings  . 

..  27?09 

26?  82 

27?51 

31  ?12 

30?99 

30?03 

Rise  I  . 

—  0?06 

3?82 

—  0?76 

Rise  II  . 

—  0?27 

3?61 

—  0?96 

Corrections 

Apparent  rise 

(Stem 

K(t  — 

X'(20°  - 

- - 

- ' 

bore)i? 

30°)R 

t')R 

Reduction  I  . . . . 

3?82  + 

.76  +  .06  _ 

2 

4?230 

+  0.005 

-  0?012 

+  0?001 

Reduction  II  . . . 

3?61  4- 

.96 +  .27 

2 

4?  225 

+  0.008 

-0.003 

+  0.001 

Corrected  I  . . . . 

4? 224  X  0.3629 

=  1 .533  cal.  per  cm.2 

per  min. 

Corrected  II  . . . 

4?231  X  0.3629 

=  1.535 

il  it 

“  “ 

Before  continuing  with  a  description  of  the  means  we  employ  to  fix  the  scale 
of  a  silver-disk  pyrheliometer,  that  is  to  determine  the  constant  for  reducing  its  cor¬ 
rected  temperature  rise  to  calories,  it  seems  best  to  note  the  sources  of  error  and 
shortcomings  of  these  instruments. 

In  its  original  form,  as  illustrated  in  the  diagram,  each  point  on  the  receiving 
surface  of  the  silver  disk  was  exposed  to  rays  from  a  solid  angle  of  0.0046  hemisphere, 
including,  besides  the  sun,  considerable  sky.7  Convinced  that  the  contribution  of  the 
sky  may  vary  by  unallowable  amounts,  as  between  clear  and  hazy  days,  we  introduced 
longer  vestibules,  and  diminished  the  solid  angles  observed.8  The  silver-disk  pyrheli¬ 
ometers  S.  I.  29,  S.  I.  30,  S.  I.  47,  and  S.  I.  48,  now  used  at  Montezuma,  expose  each 
point  of  the  silver  disk  as  follows:  S.  I.  29  and  S.  I.  30,  0.0046;  S.  I.  47  and  S.  I.  48, 
0.0004  hemisphere.  Those  used  at  St.  Katherine,  Table-  M'Otmfewa,  and  our  new  sta- 

6  Further  objections  having  come  from  Europe  in  1939,  Moore  and  Froiland,  at  Tyrone  station,  made  120  addi¬ 
tional  determinations  of  K.  Rejecting  none,  their  mean  is  0.001095.  Finally  Butler  and  Greeley,  at  Table  Mountain, 
made  40  additional  determinations,  but  too  late  in  the  spring  for  best  results.  Their  mean  is  0.00090,  but  is  entitled 
to  smaller  weight.  All  results  being  nearly  identical,  we  do  not  think  it  necessary  to  do  more  than  cite  Smithsonian 
Misc.  Coll.,  vol.  95,  No.  23,  1937. 

7  The  sun  occupies  about  0.00001 15  hemisphere. 

8  See  Annals,  vol.  5,  pp.  81-85,  1932. 
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tion  on  Burro  Mountain  near  Tyrone,  N.  Mex.,  expose  to  0.0004  hemisphere^  Even 
this,  however,  is  too  much,  and  makes  a  difference  between  clear  days  and  extremely 
hazy  ones.  Hence  in  all  the  solar-constant  values  after  August  1923  which  are  given 
below  we  have  used  means  to  eliminate  the  sky  effect  from  all  silver-disk  observations 
as  will  be  explained  in  its  place. 

A  troublesome  feature  of  silver-disk  pyrheliometry  resides  in  the  personal  equa¬ 
tion.  We  shall  discuss  this  at  length  after  giving  further  illustrative  examples  of 
silver-disk  pyrheliometry. 

Another  objection  to  the  silver-disk  instrument  is  that  it  requires  too  long  to  make 
a  reading.  Only  two  pyrheliometer  readings  can  be  made  while  a  holograph  is  being 
taken.  With  so  few  readings  the  most  expert  observers  find  it  barely  possible  to  get 
sufficient  percentage  accuracy  to  satisfy  our  exacting  program.  However,  as  the 
following  examples  show,  the  degree  of  accuracy  ordinarily  attained  with  the  silver- 
disk  pyrheliometer  is  beyond  reasonable  expectation. 

Nevertheless  we  introduced  a  modified  form  of  the  Angstrom  electrical-compen¬ 
sation  pyrheliometer  at  all  stations  after  1936.  With  this  instrument,  readings  can 
be  made  rapidly,  and  from  their  greater  number,  and  from  the  smallness  of 
their  individual  accidental  errors,  and  the  absence  of  personal  equation,  we  decidedly 
reduced  the  pyrheliometric  accidental  error  by  using  the  Angstrom-type  instruments 
in  the  daily  readings.  Other  advantages  will  be  referred  to  farther  on. 

Comparisons  of  silver-disk  pyrheliometers  are  given  in  tables  2  and  3,  to  indicate 
the  degree  of  accuracy  likely  to  be  attained  by  our  field  observers  in  their  daily  work, 
prior  to  the  introduction  of  the  Angstrom-type  instruments. 

European  meteorologists  having  published  statements  expressing  incredulity  as 
to  the  possibility  of  our  observers  obtaining  results  with  silver-disk  pyrheliometers 
nearly  approaching  the  accuracy  just  indicated,9  we  think  it  desirable  to  add  another 
day’s  comparisons  similar  to  that  just  given,  but  with  a  different  pair  of  observers.10 

These  examples  are  not  exceptional.  Many  other  such  days  of  comparisons  could 
be  cited,  yielding  about  the  same  probable  error  for  single  readings.  It  will  be  noted 
that  the  2  days’  results  given  above,  though  nearly  2  years  apart,  give  values  of 
S  I  48 

ratio  '  4  differing  only  0.17  percent.  This  difference  is  smaller  than  its  prob- 
S.  I.  47 

able  error.  This  illustrates  a  good  point  of  these  pyrheliometers:  they  are  stable. 

It  will  be  noted,  however,  that  while  the  observers  C.  P.  Butler  and  W.  R.  Maltby 
have  almost  identical  habits  of  reading,  the  two  observers  C.  P.  Butler  and  W.  Wat- 

I  27 

son,  Jr.,  on  this  occasion  show  a  relative  personal  equation  of  — -  7  or  0.63  percent.* 11 

2 

To  offset  its  imperfections,  the  silver-disk  pyrheliometer  is,  as  we  have  said, 
very  stable  as  regards  its  scale  over  long  periods,  if  carefully  protected  from  dust 
and  from  injuries  to  its  blackening.  This  feature  of  stability  is  well  shown  over 
periods  of  10  to  20  years  in  previous  publications.12 

9  See  Linke,  Meteorol.  Zeitschr.,  March  1924,  p.  74;  also  Morikofer,  Handb.  Biol.  Arbeitsmethoden.,  abt.  2, 
theil  3,  P-  4074,  1939- 

10  See  also  Gerland’s  Beitrage,  vol.  50,  pp.  385-387,  1937,  where  an  Australian  observer  reports  his  accuracy. 

See  also  Annals,  vol.  5,  p.  136,  1932. 

11  The  exchange  of  instruments  multiplies  their  relative  personal  error  by  2. 

12  See  Annals,  vol.  4,  pp.  92-96,  1922;  also  vol.  5,  p.  134,  table  20,  and  pp.  140-142,  table  24,  1932. 
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We  must  now  notice  one  of  the  most  serious  defects  of  our  earlier  solar-constant 
work.  It  existed  continuously  until  eliminated  by  the  introduction  of  Angstrom-type 
pyrheliometers  in  1936  and  1937.  For  it  is  impossible  to  eliminate  from  pyrheliometry 
the  small  errors  which  arose  prior  to  1936  from  the  unknown  fluctuations  of  the 
personal  equations  of  observers  in  their  readings  of  the  silver-disk  pyrheliometers. 

Pages  137  and  138  of  volume  5  of  these  Annals  indicate  average  personal  equa¬ 
tion  values  for  14  observers  during  the  interval  1920  to  1930.  We  remarked  that 


Table  2. — Comparison  of  silver-disk  pyrheliometers 
S.I.  47  and  S.I.  48 

Montezuma,  January  31,  1935 
Observers :  C.  P.  Butler  and  W.  R.  Maltby 

Pyrheliometers  are  read  continuously  for  26  minutes,  then  after  a  short 
interval  the  observers  are  interchanged  and  readings  continued  26  minutes. 
Samples  of  observations  and  reductions  having  already  been  given,  we  give 
here  only  final  values  of  temperature  rise,  after  corrections  for  cooling,  for 
bore  of  stems,  for  K  and  K'  have  been  applied,  as  previously  illustrated. 


S.I.  47  -  C.P.B. 

S.I.  48  -  W.R.M. 

7h53m20s 

7h53m20s 

to 

8h19m00s 

to 

8h19m00s 

Ratio  S  L  48 

Corrected  rise 

Corrected  rise 

S.I.  47 

A 

4?002 

4?013 

1.0027 

+  0.0033 

4.056 

4.069 

1.0032 

+  0.0038 

4.153 

4.130 

0.9944 

-  0.0050 

4.143 

4.143 

1.0000 

+  0.0006 

4.176 

4.162 

0.9966 

-0.0028 

Mean ..... 

.  0.9994 

S.I.  47  -  W.R.M. 

S.I.  48  -  C.P.B. 

8h35m20s 

8h35m20s 

to 

9h01ra00s 

to 

9h01m00g 

Ratio^'F48- 

Corrected  rise 

Corrected  rise 

S.I.  47 

A 

4?  172 

4?  187 

1.0038 

+  0.0040 

4.210 

4.218 

1.0019 

+  0.0021 

4.255 

4.227 

0.9933 

-0.0065 

4.256 

4.255 

0.9998 

0.0000 

4.247 

4.248 

1.0002 

+  0.0004 

Mean ..... 

.  0.9998 

±0.0028 

Average  deviation  of  10  ratios 

from  means, 

a.d.  =  0.0028. 

0.84  a.d. 

V2 

Mean  ratio  0.9996. 

S.I.  47 


no  corrections  were  applied  on  account  of  personal  equation  in  the  results  published 
in  volume  5. 

With  the  many  refinements  recently  introduced,  it  became  necessary  to  study 
this  matter  again.  We  have  numerous  data  connecting  the  silver-disk  observing  habits 
of  nine  of  our  observers  in  the  years  1931  to  1937.  The  disquieting  fact  is  now 
disclosed  that  the  relative  personal  equations  of  observers  changed  from  time  to  time 
by  amounts  sufficient  to  be  of  major  importance  among  the  small  sources  of  error 
now  remaining  which  mar  the  solar-constant  values.  In  order  to  give  the  reader  a  fair 
view  of  this  dilemma,  we  refer  to  table  4,  in  which  by  way  of  illustration  applicable 
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to  all  observers,  the  variations  of  the  habits  of  observing  of  Butler  and  Maltby  at 
Montezuma  in  the  years  1933,  1934,  1935  are  exposed. 

Quoting  from  Annals,  volume  5,  page  137: 

Let  observers  A  and  B  read  simultaneously  pyrheliometers  M  and  N ,  in  the  order  AM,  BN,  and 
after  a  certain  number  of  readings  they  reverse  instruments,  reading  in  the  order  AN  and  BM. 

Let  i+x  be  the  true  ratio  of  ■—  and  let  i+y  be  the  ratio  of  reading  habits,-^-.  Let  rx  and  r2  be 

M 

the  mean  ratios  observed  of  -ry  under  the  first  and  second  arrangements,  respectively. 


Table  3. — Further  comparison  of  silver-disk  pyrheliometers 
S.I.  47  and  S.I.  48 

Montezuma,  April  9,  1933 
Observers:  C.  P.  Butler  and  W.  Watson,  Jr. 


S.I.  47  -  C.P.B.  S.I.  48  -  W.W.Jr.' 
8h24m2Qs  8h24m20s 


8h48m00s 
Corrected  rise 

8h48m00s 
Corrected  rise 

„  ..  S.I.  48 
RatIOS.I.47 

A 

3?  969 

4?002 

1.0082 

+  0.0003 

4.017 

4.039 

1.0055 

-0.0024 

4.017 

4.061 

1.0109 

+  0.0030 

4.021 

4.050 

1.0072 

-0.0007 

Mean . . . 

...  1.0079 

S.I.  47  -  W.W.Jr. 
9»17m20s 
to 

9h43m00* 
Corrected  rise 

S.I.  48  -  C.P.B. 
9h17n’20s 
to 

9h43m00s 
Corrected  rise 

„  ,.  S.I.  48 
Rat,0S.I.47 

A 

4?  186 

4?  160 

0.9938 

-0.0014 

4.185 

4.168 

0.9959 

+  0.0007 

4.175 

4.168 

0.9983 

+  0.0031 

4.223 

4.193 

0.9928 

-0.0024 

4.225 

4.206 

0.9954 

+  0.0002 

Mean . . . 

...  0.9952 

±0.0016 

Average  deviation  of  ratios  from  mean,  a.d.  =  0.0016. 

0.84  a.d. 

Probable  error  of  single  reading  = - — —  =  0.10  percent. 

V2 

Mean  ratio  A1  -  48  =  1.0013. 

S.I.  47 


Then 

A=(l+f  )  (fff)=(,+2y)  aPProximate>y 


We  now  give  in  table  4  the  values  of  y  for  the  arrangement  Butler  minus  Maltby, 
together  with  dates  of  comparisons  and  designations  of  silver-disk  pyrheliometers 
employed.  Values  of  y  are  given  in  percentages  of  pyrheliometer  readings.  Each 
value  is  the  mean  result  of  5  comparisons  each  way,  or  10  in  all.  _  r 

The  range  of  the  values  of  y  in  table  4  is  1.01  percent  of  pyraftometry,  or  §  of 
1  percent  of  the  solar  constant.  A  comparison  of  the  dates  June  13  and  July  18,  1934, 
shows  that  the  range  of  averages  for  the  two  dates  is  0.71  percent.  Even  on  a  single 
day  we  find  several  instances  where  ranges  of  over  0.4  percent  occurred  between  the 
two  pairs  of  instruments. 
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We  therefore  reluctantly  conclude  that  differences  in  solar-constant  values  from 
one  day  to  the  next  of  the  order  of  nearly  0.5  percent  may  have  resulted,  prior  to  the 
introduction  of  the  Angstrom-type  pyrheliometers  in  1936  and  1937,  merely  from 
fluctuations  of  the  observer’s  personal  equations  in  the  reading  of  silver-disk 
pyrheliometers. 

In  a  few  cases  where  we  found  a  very  marked  and  persistent  difference  between 
observers  in  their  personal  equations,  we  have  introduced  corrections  to  allow  for  it. 
But  in  general,  as  in  volume  5  of  these  Annals,  we  have  made  no  corrections  for 
personal  equation  in  reading  silver-disk  pyrheliometers.  . 

Thus,  prior  to  1936  and  1937,  the  columns  of  solar-constant  values  in  table  25 
undoubtedly  owe  a  considerable  part  of  their  wilder  fluctuations  to  changes  in  per¬ 
sonal  equation  of  observers.  Fortunately,  however,  this  source  of  error  is,  we  hope, 


Table  4. — Personal  equation  fluctuations 


Date 

Pyhrs. 

y 

Date 

Pyhrs. 

y 

Date 

Pyhrs. 

y 

8-24-33 

47/29 

+  .01 

3-23-34 

47/29 

-  .02 

12-15-34 

47/29 

+  .15 

a  a  a 

48/30 

+  .14 

a  a  a 

48/30 

+  .05 

H  ii  ii 

48/30 

+  .04 

9-  8-33 

47/29 

+  .19 

4-10-34 

47/29 

-.02 

1-31-35 

47/29 

+  .43 

it  a  a 

48/30 

.00 

tt  a  a 

48/30 

+  .22 

“  “  “ 

48/30 

+  .12 

9-13-33 

47/29 

-.03 

5-  9-34 

47/29 

+  .05 

3-28-35 

47/29 

-.15 

a  a  a 

48/30 

-.37 

a  a  u 

48/30 

-.34 

it  ii  ii 

48/30 

+  .26 

10-  9-33 

47/29 

-.11 

6-13-34 

47/29 

-  .58 

5-  1-35 

47/29 

-.01 

a  a  a 

48/30 

-.15 

“  “  “ 

48/30 

-.43 

a  a  it 

48/30 

+  .17 

11-  6-33 

47/29 

+  .04 

7-18-34 

47/29 

+  .34 

6-  8-35 

47/29 

-.10 

a  a  a 

48/30 

-.19 

it  ii  it 

48/30 

+  .08 

ii  ii  ii 

48/30 

+  .10 

11-12-33 

47/29 

+  .36 

8-23-34 

47/29 

-.09 

6-28-35 

47/29 

.00 

“  “  “ 

48/30 

-.11 

“  “  “ 

48/30 

-.11 

it  ii  ii 

48/30 

.00 

12-20-33 

47/29 

-.47 

9-13-34 

47/29 

-  .16 

7-12-35 

47/29 

-.15 

it  a  a 

48/30 

-  .09 

ii  ii  ii 

48/30 

+  .12 

ii  it  it 

48/30 

.00 

1-16-34 

47/29 

-.02 

10-  4-34 

47/29 

.00 

8-23-35 

47/29 

-.23 

a  H  u 

48/30 

+  .03 

ii  it  it 

48/30 

+  .21 

“  “  “ 

48/30 

-.41 

2-23-34 

47/29 

+  .29 

11-  8-34 

47/29 

+  .04 

a  a  a 

48/30 

-.05 

ii  ii  ii 

48/30 

+  .03 

to  some  extent  eliminated  in  the  numbers  given  in  italics  in  the  column  of  preferred 
solar-constant  values.  For  the  improved  values  in  italics  rest  not  entirely  on  pyr- 
heliometry  but  in  part  on  the  consideration  of  the  spectral  distribution  outside  the 
atmosphere,  as  will  be  explained  at  a  later  page. 

In  order  to  avail  ourselves  of  the  permanent  scale  of  the  silver-disk  pyrheliometer 
while  increasing  the  accuracy  and  speed  of  daily  observations,  we  introduced  at  all 
stations  during  1936  and  1937,  and  used  regularly  thereafter,  a  modified  form  of 
the  Angstrom  electrical-compensation  pyrheliometer  which  we  designed,  and  which 
is  constructed  at  Washington  in  the  Smithsonian  shop  by  A.  Kramer.  This  design 
is  shown  in  figure  5. 


DESCRIPTION  OF  SMITHSONIAN-ANGSTROM  PYRHELIOMETER 

We  have  introduced  certain  changes  in  our  construction  of  the  Angstrom 
electrical-compensation  pyrheliometer.  We  desired  to  protect  the  instrument  more 
fully  from  changes  of  temperature  and  gusts  of  wind,  to  assure  ourselves  of  a  definite 
length  of  the  sensitive  strips,  which  in  Swedish  instruments  are  merely  clamped  at 
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their  ends,  and  to  introduce  means  of  operating  the  exchanges  of  strips  from  sun  to 
heating  current  automatically.  Referring  to  figure  5,  a, a  is  a  wooden  cylinder  20  cm. 
long,  7.5  cm.  in  diameter.  It  is  supportable  by  a  brass  ring  with  trunnions,  and  may 


be  substituted  for  a  silver-disk  pyrheliometer  in  our  usual  equatorial  mountings  shown 
in  figure  4. 

Within  the  wooden  cylinder  is  inserted  a  brass  tube,  c,c,  20  cm.  long,  28  mm. 
outside  diameter,  26  mm.  inside  diameter.  Five  diaphragms,  d,  e,  f,  g,  h,  are  soldered 
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into  this  tube,  spaced,  as  shown  in  the  figure,  at  intervals  of  5,  3,  3,  5,  4  cm.,  measured 
from  the  rear.  Their  apertures  are,  respectively,  10X10,  12X13,  14X16,  16X19, 
15X19  mm.  Diaphragm  d  is  feather-edged  within  and  limits  the  solar  beam.  The 
entire  inside  of  the  tube,  c,c,  and  also  its  diaphragms  are  painted  with  lampblack  paint. 

The  receiver  element  consists  of  two  blackened  manganin  tapes,  i,i,  lying  3  mm. 
behind  the  rear  diaphragm,  d,  in  the  tube  c,c.  These  tapes  are  2  mm.  in  width,  and 
are  mounted  on  the  circular  brass  plate,  j,  by  means  of  three  copper  blocks,  K,K,K' , 
to  which  the  tapes,  i,i,  are  most  carefully  soldered,  so  as  to  leave  exactly  11  mm. 
between  the  soldered  affixtures.  The  plate,  j,  which  is  pierced  by  a  rectangular  hole 
11X21  mm.,  bears  a  mica  insulating  layer  under  the  blocks,  K,K,K',  and  these  blocks 
are  borne  on  the  ends  of  copper  rods,  1,1,1,  which  penetrate  the  plate,  j,  through  ivory 
insulations.  Two  additional  rods,  l'/,  are  provided  similarly,  to  which  are  attached 
the  two  copper  threads  of  a  copper-constantine-copper  thermoelectric  system,  whose 
two  junctions  are  attached  by  thin  wax  to  the  rear  surfaces  of  the  tapes,  i,i. 

The  five  copper  rods,  1,1,1/ X ,  are  borne  by  a  red  fiber  plate,  m,m,  which  is 
screwed  to  the  wooden  cylinder,  a, a,  at  its  rear,  and  they  end  at  the  back  in  appropriate 
binding  posts.  These  are  for  the  attachment  of  the  lead  wires  for  electrically  heating 
the  tapes,  i,i,  and  also  for  those  leading  from  the  thermal  junctions  to  the  galvanometer 
employed  to  indicate  when  the  tapes,  i,i,  are  in  equal  temperatures. 

Between  the  five  copper  rods,  1,1,1/ /,  lies  a  platinum-plated  brass  cone,  n, 
20  mm.  long,  20  mm.  in  maximum  diameter,  whose  purpose  is  to  reflect  to  the  black¬ 
ened  wall  of  the  tube,  c,c,  all  solar  rays  which  pass  by  the  tapes,  i,i.  Thus  no  appreciable 
stray  radiation  can  reach  the  tapes  from  the  rear. 

Returning  to  the  front  end  of  the  tube,  a, a,  there  is  fixed  a  brass  plate  10  cm. 
in  diameter  to  which  are  attached  bearings,  0,0,  for  the  occulting  shutter,  p.  The 
shutter,  p,  is  double,  with  air  space  between  its  two  leaves.  These  leaves  are  each 
6J  mm.  wide,  and  the  shutter  is  eccentrically  mounted  so  as  to  occult  the  tapes,  i,i, 
alternately  when  rotated  180°.  The  axis  of  the  shutter  carries  on  one  end  a  grooved 
wooden  wheel,  q,  10  cm.  in  diameter.  On  this  wheel  is  mounted  diametrically  an 
evacuated  glass  tube,  r,  of  8  mm.  inner  diameter  and  6  cm.  length.  In  each  end 
thereof,  and  also  at  its  middle  section,  are  sealed  platinum  wires.  Within  the  tube,  r, 
is  sufficient  mercury  to  cover  at  one  time  the  platinum  wires  at  the  middle  and  one 
end  of  the  tube.  Hence,  as  the  wheel,  q,  is  rotated  180°,  carrying  with  it  the  shutter,  p, 
it  closes  alternately  the  electrical  connection  from  the  middle  to  each  end  of  the  tube,  r. 
Flexible  wires  connect  from  the  ends  of  the  tube,  r,  to  the  binding  posts  on  two  of 
the  rods,  1,1,  and  connecting  wires  extend  from  the  middle  of  the  tube,  r,  and  the  third 
rod,  l,  to  the  battery  through  the  variable  resistance  and  milliammeter  which  complete 
the  electrical  circuit. 

It  will  be  obvious  that  as  the  wheel,  q,  is  rotated  by  means  of  a  cord  operating  in 
its  grooved  periphery,  the  solar  exposure  is  shifted  from  one  tape,  i,  to  the  other,  and 
at  the  same  instant  the  electric  current  is  switched  from  one  tape,  i,  to  the  other  for 
compensation. 

Subtracting  the  area  occulted  by  the  shutter,  p,  the  outer  diaphragm  admits  a 
total  angular  cross  section  of  rays  equivalent  to  a  circular  cone  of  6°  diameter,  which 
is  nearly  identical  with  that  admitted  to  our  silver-disk  pyrheliometers  with  barrels 
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30  cm.  long.  But,  as  previously  stated,  both  tapes,  i,i,  look  out  through  equal  total 
angular  apertures  at  all  times.  The  exposed  tape  sees  sky  a  little  closer  to  the  sun 
on  the  average,  but  there  is  not  a  great  difference  in  this  respect,  considering  that  on 
both  sides  of  the  occulting  shutter  are  open  spaces.  Consequently  we  may  assume  that 
both  for  rays  outgoing  from  the  tapes,  i,i,  to  space,  and  for  all  incoming  rays,  other 
than  those  of  the  direct  sunbeam',  the  two  tapes,  i,i,  are  approximately  in  balanced 
compensation  at  all  times. 

While  it  is  possible  to  measure  the  exposed  areas  of  the  two  tapes  and  their 
electrical  resistances,  and  so  to  compute  their  constants,  and  thus  to  regard  these 
instruments  as  approximating  primary  standard  pyrheliometers,  we  employ  them  only 


Table  5. — Comparison  of  silver-disk  and  Angstrom-type  pyrheliometers 

Table  Mountain,  July  4,  1939.  Observers :  S.  C.  Warner  and  F.  A.  Greeley 
Silver-disk  pyrheliometer  S.I.  10.  Angstrom-type  S.I.  4 


Time 

Reading  S.I.  10, 
calories 

Current  square 

S.I.  4 

Pyranometer 

Ratio  -4-10 

S.I.  10/S.I.  4 

Deviation 

h.  m.  s. 

Observer,  S.C.W. 

Observer,  F.A.G. 

9  14  40 

.09211 

9  15  10 

9  15  40 

1.4695 

.09256 

.0080 

1.591 

.004 

9  20  40 

.09256 

9  21  10 

9  21  40 

1.4673 

.09242 

.0080 

1.586 

.001 

9  26  40 

9  27  10 

1.4746 

.09242 

.0080 

1.594 

.007 

9  27  40 

.09256 

Observer,  F.A.G. 

Observer,  S.C.W. 

9  36  40 

.09256 

9  37  10 

9  37  40 

1.4673 

.09321 

.0079 

1.579 

.008 

9  42  40 

9  43  10 

1.4757 

.092 72 

.0079 

1.586 

.001 

9  43  40 

.09330 

9  48  40 

9  49  10 

1.4789 

.09302 

.0081 

1.587 

.000 

9  49  40 

.09333 

General  mean . . , 

....  1.587 

.0035 

as  secondary  instruments.  We  frequently  calibrate  them  against  our  calibrated  silver- 
disk  pyrheliometers,  whose  scales  are  as  nearly  as  possible  fixed  in  terms  of  the 
standard  water-flow  pyrheliometer.13 

We  employ  these  modified  Angstrom-type  pyrheliometers  at  all  solar  stations 
for  daily  readings,  because  more  measurements  can  be  made  with  them  in  the  same 
time,  and  to  a  higher  precision  with  less  care,  than  with  silver-disk  pyrheliometers. 

We  now  insert  table  5,  giving  illustrative  results  of  comparisons  of  Angstrom- 
type  with  silver-disk  pyrheliometers. 

As  the  receiving  strips  of  the  Angstrom  instruments  are  small,  there  is  great 
danger  that  loss  of  bits  of  blackening  may  change  their  effective  areas  by  a  percentage 
not  negligible.  Besides  this,  it  is  not  easy  to  maintain  over  long  intervals  sufficient 


13  See  Smithsonian  Misc.  Coll.,  vol.  87,  No.  15,  1932,  and  vol.  92,  No.  13,  1934. 
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accuracy  of  the  measurement  of  electrical  quantities  at  our  desert  mountain  stations. 
This  is  especially  doubtful  as  regards  current  measurements,  for  the  strength  of  the 
compensating  current  enters  into  the  result  as  the  square,  so  that  its  percentage 
error  is  doubled. 

Hence  we  do  not  depend  on  continued  constancy  in  our  Angstrom-type  instru¬ 
ments,  but  compare  them  with  silver-disk  instruments  very  frequently  to  reassure 
ourselves  of  a  permanent  scale  of  values.  Nevertheless  the  Angstrom- type  instruments 
have  continued  surprisingly  little  altered  in  their  constants. 

A  principal  advantage  of  the  Angstrom-type  instruments  is  their  freedom  from 
personal  equation.  The  Angstrom-type  instruments  also  have  the  very  great  ad¬ 
vantage  that  sky  radiation  is  nearly  completely  eliminated  from  their  indications. 
This  follows  because  both  strips  of  the  instrument  look  out  upon  exactly  the  same 
extent  of  sky  at  all  times  though  not  on  precisely  identical  areas.  Thus,  as  regards 
the  balance  of  sky  effects  on  one  strip  against  the  other,  incoming  short-wave  radia¬ 
tion  from  the  bright  sky,  and  also  outgoing  long-wave  radiation  from  the  warm  strips, 
are  both  almost  exactly  compensated  at  all  times.  There  is  only  this  small  difference 
as  regards  incoming  short-wave  sky  radiation,  that  the  shaded  strip  sees,  on  the  whole, 
an  area  of  sky  a  little  farther  from  the  sun  than  the  exposed  one.  But  with  such  small 
solid  angles  of  sky  as  are  seen  by  our  Angstrom-type  instruments,  the  sky  effect, 
even  if  not  so  compensated,  would  be  almost  negligible,  and  with  the  approximate 
compensation  just  explained  it  is  surely  negligible  for  our  purposes. 

We  have  found  means  for  eliminating  the  sky  effect  from  all  silver-disk  measure¬ 
ments  since  1923  in  the  manner  now  to  be  explained. 

Carrying  out  the  policy  of  availing  ourselves  of  the  convenience,  quickness,  and 
observational  accuracy  of  the  Angstrom-type  pyrheliometers,  while  assuring  ourselves 
of  a  long-enduring  constancy  of  scale  by  referring  frequently  to  the  silver-disk  instru¬ 
ments,  we  accumulated  large  numbers  of  comparisons  between  the  two  kinds  of 
pyrheliometers  at  every  station.  Assembling  these  comparisons,  we  found  frequent 
cases  when  the  ratios  of  their  readings  fluctuated,  giving  a  progress  up  and  down 
in  the  course  of  several  days,  as  illustrated  by  the  following  numbers : 

Table  6. — Montezuma  comparisons  between  an  Angstrom  Pyrheliometer  and 
silver-disk  pyrheliometers  S.I.  29  and  S.I.  30 


Date 

Air  mass 

Pyranometer 

Angstrom 

constant 

1938 

Sept.  13 

1.50 

52 

1.495 

“  16 

1.50 

178 

1.500 

“  19 

1.50 

60 

1.495 

Oct.  11 

1.50 

69 

1.493 

“  26 

1.50 

193 

1.506 

In  searching  for  the  reason  for  these  changes,  we  found  them  associated  with 
the  brightness  of  the  sky,  as  measured  by  the  pyranometer.  Thus  we  began  to 
appreciate  the  need  of  eliminating  the  sky  influence.  On  reflection  we  perceived,  as 
explained  above,  that  the  Angstrom-type  of  instrument  nearly  eliminates  the  sky 
radiation,  while  the  silver-disk  type  does  not.  As  the  fluctuations  of  ratios  of  readings 
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of  these  instruments  were  not  negligible,  we  felt  it  necessary  to  correct  all  the  silver- 
disk  readings  of  past  years  to  the  condition  of  zero  sky  radiation. 

Some  stations  had  several  varieties  of  silver-disk  pyrheliometer,  some  exposing 
to  a  larger  solid  angle  of  sky  than  others.  But  fortunately  there  were  large  numbers 
of  ratios  of  Angstrom  and  silver-disk  readings  for  all  the  varieties,  and  with  them  the 
readings  of  the  pyranometer  at  air  mass  2.00. 

Accordingly,  we  made  tables  and  plots  of  the  ratios  (silver-disk  calories  divided  by 
Angstrom  electric  currents  squared)  against  pyranometry  at  air  mass  2.00  for  all  the 
stations  and  varieties  of  silver-disk  pyrheliometers.  These  plots  are  given  in  figure  6. 


Fig.  6. — Correction  for  sky  exposure. 


From  them  we  read  off  percentage  correcting  factors  for  silver-disk  pyrheliometry 
in  terms  of  pyranometry.  All  the  individual  silver-disk  pyrheliometer  observations 
since  1923  at  Montezuma,  Table  Mountain,  and  Mount  St.  Katherine  have  been  cor¬ 
rected  to  the  condition  of  zero  sky  brightness  in  this  way. 

Table  7  gives  an  idea  of  the  magnitudes  of  these  corrections  at  different  stations. 

2.  THE  SOLAR-ENERGY  SPECTRUM 

As  shown  by  Langley  14  it  is  necessary  to  resolve  the  sun’s  beam  into  its  spectrum, 
and  to  determine  the  atmospheric  transmission  over  the  whole  range  of  wave  lengths, 
in  order  to  compute  the  solar  constant.  We  have  always  employed  the  bolometer  to 
measure  the  energy  of  the  solar  spectrum.  It  comprises  a  pair  of  narrow  tapes  of 
thin  blackened  platinum  forming  two  adjacent  arms  of  a  Wheatstone’s  bridge.  They 
are  soldered  to  binding  posts  of  copper  within  an  evacuated  glass  vessel.  There  are 


14  Langley,  Samuel  P.,  Report  of  the  Mount  Whitney  Expedition.  Prof.  Pap.  Signal  Service,  No.  15,  1884. 
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electrical  connections  passing  through  the  glass  walls  to  two  coils  of  manganin  outside 
which  complete  the  bridge.  From  the  appropriate  junctions  of  the  bridge  go  leads 
to  the  battery  and  sensitive  galvanometer.  A  photographic  record  is  made  of  the 
galvanometer  indications.  Plate  i  illustrates  the  make-up  of  the  bolometer,  and  also 
the  rotating  sector  group  used  to  modify  the  intensity  of  the  beam. 

The  solar  spectrum  cast  by  a  reflecting  spectroscope  with  ultraviolet  crown-glass 
prism  falls  on  one  and  not  on  the  other  of  the  blackened  tapes  of  the  bolometer.  As 
the  spectrum  is  moved  slowly  along  throughout  its  range  of  wave  lengths,  the  exposed 


Table  7. — Corrections  to  silver-disk  pyrheliometry  for  sky  brightness 

as  a  function  of  pyranometry 


Station 

Montezuma 

S.I.  29,  SI.  30 

Length 

silver- 

disk 

vestibule 

cm. 

20 

Pyranometer 

reading 

calories 

0.0000 

.0052 

.0102 

.0202 

.0408 

Percent 
correction 
to  silver-disk 
subtract 

0.000 

0.208 

0.408 

0.805 

1.615 

S.I.  47,  S.I.  48 

80 

0.0000 

0.000 

.0062 

0.100 

.0122 

0.200 

.0245 

0.400 

.0488 

0.800 

Mount  St.  Katherine 

A.P.O.  13,  A.P.O.  14 

30 

0.0000 

0.000 

.0060 

0.200 

.0138 

0.400 

.0218 

0.600 

.0580 

0.800 

Table  Mountain 

A.P.O.  10,  S.I.  32 

80 

0.0000 

0.000 

.0116 

0.200 

.0339 

0.600 

.0559 

1.000 

.1130 

2.000 

bolometer  tape  is  warmed  and  cooled  according  to  the  intensity  of  the  energy  of  the 
spectrum.  Feeble  current  changes  thus  produced  in  the  Wheatstone’s  bridge  affect 
the  galvanometer,  and  are  recorded  as  deflections  by  the  photographic  plate.  This 
plate  is  simultaneously  moved  along  vertically  in  front  of  the  galvanometer,  thus 
recording  a  sinuous  line. 

In  about  10  minutes  we  obtain  in  this  way  an  autographic  record  of  the  solar 
spectrum,  as  shown  in  plate  2.  Such  a  record,  called  a  holograph,  is  made  at  a  pre¬ 
ferred  air  mass  for  each  ordinary  determination  of  the  solar  constant  by  the  short 
method.  Several  such  records,  made  at  different  known  solar-zenith  distances,  are 
needful  for  a  determination  by  the  fundamental  long  method. 

The  reader  will  notice  from  plate  2  that  the  energy  of  the  solar  spectrum  increases 
rapidly  in  the  shorter  wave  lengths  with  lessening  “air  mass,”  as  the  sun’s  zenith 
distance  diminishes.  He  will  notice  also  many  indentations  of  the  curves  correspond¬ 
ing  to  the  Fraunhofer  lines.  In  the  longer-wave  red  and  infrared  region  he  will 
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Sensitive  strips  h,  h'  mounted  on  the  copper  blocks  c,  d'  form  two  arms  of  a  Wheatstone’s 
bridge,  completed  by  the  two  coils  b,  b'.  Solar  spectral  rays  are  admitted  by  a  vestibule  with 
diaphragms,  and  may  be  adjusted  by  the  eyepiece.  The  vessel,  a,  is  highly  evacuated. 
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Autographic  records  of  the  intensity  of  the  solar  spectrum.  Upper  curves  taken  with  very  low  humidity ;  lower  curves  on  a  humid  day. 
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notice  several  great  indentations  which  are  caused  by  the  absorption  of  the  oxygen 
and  the  water  vapor  of  the  earth’s  atmosphere.  The  changes  of  scale  as  the  rotating 
sectors  are  changed  appear  at  three  places. 

3.  ALLOWANCE  FOR  ATMOSPHERIC  TRANSMISSION 

For  a  ray  of  a  single  wave  length,  a  homogeneous  scattering  medium  depletes 
the  energy  according  to  the  expression 

e  —  e0am 

where  e  is  the  energy  after  passage  through  the  medium,  e0  the  energy  before  passage, 
a  the  fraction  transmitted  by  unit  thickness,  and  m  the  thickness  of  the  medium  as 
traversed. 

If  (as  on  the  finest  days  above  high  mountain  tops)  the  atmosphere  can  be 
regarded  as  composed  of  parallel  thin  layers  of  homogeneous  media,  changing  grad¬ 
ually  in  optical  density  from  layer  to  layer,  then  the  expression  can  be  applied  to  a 
ray  of  a  single  wave  length  passing  quite  through  the  atmosphere.15  In  this  case 
let  e  represent  the  intensity  of  the  ray  at  the  earth’s  surface,  e0  the  intensity  outside 
the  atmosphere,  a  the  fraction  transmitted  with  vertical  sun,  and  m  the  length  of  the 
oblique  ray  within  the  atmosphere  measured  in  terms  of  the  atmosphere’s  vertical 
thickness.  To  zenith  distances,  z,  of  less  than  70 °,  m  can  be  taken  without  sensible 
error  simply  as  secant  z.  For  greater  distances  we  employ  Bemporad’s  air-mass 
method.16 

For  nonhomogeneous  beams  containing  rays  of  unequal  transmissions  the  ex¬ 
pression  does  not  hold.15  Hence  it  cannot  be  applied  to  pyrheliometer  readings  directly, 
but  only  to  rays  singled  out  in  the  solar  spectrum. 

According  to  the  fundamental  method  of  Langley,  therefore,  we  measure  the 
ordinates  at  many  single  places  in  the  solar  spectrum  on  holographs  taken  with  values 
of  m  ranging  up  to  4.00  or  even  5.00.  Using  the  formula  we  compute  what  these 
ordinates  would  become  if  they  could  be  observed  outside  the  atmosphere. 

For  convenience  we  modify  the  formula  as  follows : 

Log  e—  (log  a)m+\og  e0. 

This  is  obviously  of  the  form 

y  —  Ax+B,  the  equation  of  a  straight  line. 

Hence,  if  we  plot  values  of  logarithms  of  the  corresponding  ordinates  of  a  series  of 
holographs  at  any  selected  wave  length  against  values  of  m  (ordinarily  called  “air 
mass”),  the  several  points  corresponding  to  successive  holographs  should  determine 
a  straight  line.  The  tangent  of  the  inclination  of  this  line  will  be  logarithm  of  a,  the 
atmospheric  transmission  coefficient  for  that  wave  length.  If  the  line  is  produced  to 
intersect  the  axis,  m  =  o ,  its  intercept  thereon  will  be  logarithm  e0.  Figure  7  shows 
how  closely  the  condition  of  the  straight  line  is  fulfilled  on  a  fine  day,  even  at  a  station 
as  inferior  as  Mount  Wilson. 

15  See  Annals,  vol.  2,  pp.  13-17,  1908. 

16  See  Mitt.  Grossh.  Sternwarte  Heidelberg,  vol.  4,  1904 ;  also  Smithsonian  Misc.  Coll.,  vol.  65,  No.  4,  p.  15, 
1915. 
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Mt.  WILSON,  SEPT.20,  1914. 
LOGARITHMIC  CURVES  or  ATMOSPHERIC  TRANSMISSION. 


Fig.  7. — Logarithmic  curves  of  atmospheric  transmission,  Mount  Wilson,  September  20,  1914. 

Note  the  two  scales  of  ordinates. 
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We  employ  an  instrument  called  the  slide-rule  extrapolator  to  perform  these 
operations  graphically.  It  is  shown  in  plate  3  along  with  the  instrument  used  to 
measure  the  ordinates  of  holographs.  The  slide-rule  instrument  is  made  up  of  a  group 
of  parallel  16-  or  20-inch  slide  rules,  which  may  be  set  at  chosen  points  along  and 
normal  to  a  uniform  metric  scale.  A  slide  rule,  as  all  know,  comprises  two  fixed 
logarithmic  scales  between  which  may  slide  a  movable  logarithmic  scale  which  we 
will  call  the  inside  slider.  A  reading  device  slides  along  the  fixed  scale.  This  we 
will  call  the  outside  slider. 

The  several  slide  rules  being  set  to  the  values  of  m  as  read  on  the  metric  scale, 
their  outside  sliders  are  adjusted  to  the  corresponding  observed  values  of  e  for  the 
selected  wave  length.  Then  the  adjustable  wire  is  moved  so  as  best  to  represent  the 
positions  of  the  outside  sliders.  Since  the  wire  (supported  at  its  upper  end  by  an 
attachment  upon  the  inside  slider  at  m  —  o )  extends  beyond  the  axis,  m  —  o,  to 
m—  —  1,  the  intercept  of  the  wires  on  the  fixed  scale  atm^o  gives  e0,  and  the  inter¬ 
cept  of  the  wire  on  the  inside  slider  at  m  —  o  gives  a. 

Table  8  shows  the  degree  of  accuracy  of  the  instrument. 


4,  5,  6.  SPECTRAL  ENERGY  WITHIN  AND  WITHOUT  THE  ATMOSPHERE 

If  it  is  known  that  the  several  holographs  were  taken  with  conditions  of  unequal 
sensitiveness  prevailing  in  the  holographic  apparatus,  then  the  inside  sliders  of  the 
several  slide  rules  may  be  first  set  to  indicate  the  percentages  of  normal  sensitiveness 
known  to  have  prevailed.  The  values  of  ordinate  corresponding  to  e  are  then  to  be 
set  up  on  the  scales  of  the  inside  sliders  rather  than  on  the  fixed  scales  of  the  slide 
rules.  In  this  way  the  effects  of  unequal  sensitiveness  may  be  eliminated. 

If  it  is  asked  how  it  may  be  known  that  the  conditions  as  to  sensitiveness  vary, 
the  reader  is  reminded  that  with  a  spectral-energy  curve  such  as  a  holograph,  the  ordi¬ 
nates  of  which  are  proportional  to  energy,  and  the  abscissae  of  which  present  a  uniform 
scale,  the  area  included  between  the  curve  and  the  axis  of  zero  ordinates  is  proportional 
to  the  total  energy  of  the  beam  the  spectrum  of  which  is  observed.  But  the  pyrheliometer 

also  measures  the  total  energy  of  that  beam.  Hence  the  ratio  Pyr^e^ometry  gho^^ 

area 

remain  constant  for  the  day.  If  deviations  from  constancy  occur  in  this  ratio  the 
areas  are  to  be  corrected.  That  is  to  say,  the  ordinates  of  each  holograph  are  to  be 
multiplied  throughout  by  a  quantity  near  unity,  the  several  multipliers  being  chosen 
so  as  to  make  the  areas  proportional  to  the  pyrheliometry.  It  is  this  correction  which 
is  made  so  simply  by  a  preliminary  setting  of  the  inside  sliders  of  the  slide-rule 
extrapolator,  as  just  explained. 

But  first  we  must  know  the  areas  included  by  the  holographic  curves.  If  they 
presented  no  great  depressions,  like  the  water-vapor  bands  of  the  infrared,  it  would 
suffice  to  measure  their  ordinates  at  numerous  equally  spaced  intervals  (and  this  is 
done  anyway  for  the  uses  already  described)  and  to  take  the  sum  of  these  ordinates 
as  proportional  to  the  area  desired.  But  such  irregular  areas  as  the  terrestrial  water- 
vapor  and  oxygen  bands  cannot  be  evaluated  accurately  enough  by  this  method.  Hence 
according  to  exact  conventional  directions  we  draw  the  most  probable  curves  over 
the  tops  of  these  bands  to  represent  what  the  holographs  would  have  shown  if  the 
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bands  did  not  exist.  We  measure  the  ordinates  of  these  smoothed  curves,  and  include 
these  ordinates  in  our  summation.  From  such  a  sum,  however,  we  must  subtract  the 
area  of  the  bands  as  included  between  the  smoothed  curves  and  the  observed  holo¬ 
graphic  curves  at  these  points. 


Table  8. — The  accuracy  of  the  slide-rule  extrap olator 


I 

II 

in 

II  - 

I 

III 

-  II 

A 

<4a” 

Ro 

Grade 

“a” 

Ro 

Grade 

“a” 

Ro 

Grade 

“a” 

Ro 

“a” 

Ro 

597 

398 

g 

596 

398 

g  + 

608 

380 

Vg 

—  1 

0 

+  12 

-18 

646 

357 

g  + 

646 

360 

g  + 

651 

355 

Vg 

0 

+  3 

+  5 

-5 

649 

607 

g  + 

651 

607 

Vg 

651 

611 

Vg  + 

+  2 

0 

0 

+  4 

680 

493 

vg  + 

681 

493 

e  — 

682 

490 

vg  + 

+  1 

0 

+  1 

—  3 

704 

757 

vg  + 

705 

747 

e  — 

710 

752 

vg  + 

+  1 

-  10 

+  S 

+  5 

740 

1188 

Vg  + 

742 

1192 

vg  + 

743 

1186 

vg  + 

+  2 

+  4 

+  i 

-6 

767 

1282 

e  — 

772 

1267 

g  + 

769 

1293 

e  — 

-f*  5 

-15 

-3 

+  26 

797 

1538 

vg 

795 

1540 

vg  + 

800 

1517 

g 

—  2 

+  2 

+  5 

-23 

821 

1937 

g 

824 

1916 

g  + 

829 

1909 

vg 

+  3 

—  21 

+  s 

-7 

852 

2240 

Vg 

856 

2203 

g  + 

848 

2275 

vg  + 

+  4 

—  37 

-8 

+  72 

859 

2578 

Vg 

859 

2580 

g  + 

861 

2569 

Vg  — 

0 

+  2 

+  2 

-11 

865 

2880 

g  + 

865 

2894 

g  + 

868 

2881 

Vg 

0 

+  14 

+  3 

—  13 

886 

3373 

Vg 

887 

3369 

g  + 

890 

3364 

Vg 

+  1 

-4 

+  3 

-5 

927 

4094 

Vg 

927 

4092 

vg  — 

927 

4112 

e  — 

0 

—  2 

0 

+  20 

936 

4212 

Vg 

937 

4211 

vg 

940 

4189 

Vg 

+  1 

-  1 

+  3 

-22 

944 

4238 

Vg 

943 

4257 

€  — 

945 

4236 

Vg 

-  1 

+  19 

+  2 

-21 

952 

4211 

Vg 

952 

4225 

Vg 

953 

4216 

Vg  — 

0 

+  14 

+  1 

—  9 

958 

4172 

vg 

959 

4176 

€  — 

960 

4172 

Vg  — 

+  1 

+  4 

+  1 

—  4 

964 

4087 

vg 

962 

4143 

e  — 

964 

4127 

Vg  — 

—  2 

+  56 

+  2 

-16 

964 

4065 

vg 

962 

4098 

Vg 

965 

4078 

Vg  — 

-2 

+  33 

+  3 

-20 

960 

3820 

e  — 

962 

3813 

Vg 

963 

3815 

Vg  — 

+  2 

—  7 

+  1 

+  2 

960 

3544 

vg  + 

962 

3522 

Vg 

964 

3506 

Vg  — 

+  2 

—  22 

+  2 

-  16 

961 

3148 

vg  + 

962 

3147 

e  — 

963 

3148 

vg 

+  1 

-  1 

+  1 

+  1 

963 

2553 

Vg 

962 

2574 

vg 

964 

2568 

vg 

-  1 

+  21 

+  2 

-6 

964 

2224 

Vg 

963 

2230 

vg  — 

965 

2227 

vg  + 

—  1 

+  6 

+  2 

-3 

965 

1928 

Vg  + 

966 

1926 

Vg  + 

969 

1913 

Vg 

+  1 

-2 

+  3 

-  13 

970 

1644 

Vg 

972 

1646 

Vg 

971 

1647 

Vg 

+  2 

+  2 

—  1 

+  1 

972 

1410 

Vg 

972 

1412 

Vg  — 

972 

1408 

vg 

0 

+  2 

0 

-4 

970 

1221 

Vg 

971 

1223 

e  — 

974 

1220 

Vg  — 

+  1 

+  2 

+  3 

-3 

967 

1059 

Vg  + 

969 

1058 

g  + 

972 

1063 

Vg  — 

+  2 

-  1 

+  3 

+  5 

967 

788 

vg  + 

972 

789 

g  + 

972 

788 

Vg  + 

+  5 

+  1 

0 

- 1 

968 

548 

Vg  + 

972 

551 

Vg  + 

975 

549 

Vg 

+  4 

+  3 

+  3 

-2 

969 

319 

Vg 

970 

322 

Vg  + 

974 

321 

g 

+  1 

+  3 

+  4 

-  1 

967 

224 

g 

964 

226 

g  + 

969 

225 

vg 

—  3 

+  2 

+  s 

-  1 

+  42  +  227  +83  +  256 

-13  —211  -12  —349 


34) +  29  _ +  16  34)+ 71  -93 

+  1  34)438  _  +  2  34)605 

34)55  ±  13  34)95  ±18 

±2  ±3 

Table  Mountain  station,  June  21,  1939. 

Comparison  of  extrapolations : 

I,  Slide-rule  machine  by  F.  A.  Greeley. 

II,  Slide-rule  machine  by  L.  B.  Aldrich. 

Ill,  Plotted  logs  by  L.  B.  Aldrich. 

To  determine  the  subtractive  band  areas,  we  measure  them  with  the  planimeter 
for  numerous  days.  We  find  that  these  results  can  be  expressed  to  sufficient  accuracy 
( i  percent  error  on  the  total  of  all  band  areas  corresponds  to  about  i/io  of  i  percent 
or  less  in  holographic  total  area)  by  plotting  the  band  areas  as  measured  against 


Total  Area  of  Infra-ned  Bands 
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Table  9. — Band  areas  as  measured  and  as  estimated 


Curve 

estimated 


Day 

from 

Measured 

A 

p/p  sc 

Ppt.  H20  =  0.063  cm. . . 

sc 

\P  measured 

Measured 

B 

p/p  sc 

Ppt.  H20  =  0.500  cm.. . 

<t>/<p  sc 

'P  measured 

Measured 

c 

p/p  sc 

Ppt.  H*0  =  1.111  cm... 

4>/<t>  sc 

SP  measured 

Bolograph 


I 

II 

III 

IV 

V 

VI 

3876 

3730 

3518 

3140 

2998 

2906 

3852 

3690 

3517 

3111 

2991 

3011 

3776 

3706 

3537 

3121 

3036 

2981 

3896 

3759 

3519 

3170 

3020 

2949 

6537 

6240 

5781 

5572 

5282 

5150 

6640 

6316 

5877 

5593 

5317 

5174 

6615 

6326 

5892 

5544 

5274 

5219 

6595 

6343 

5726 

5567 

5247 

5137 

7845 

7360 

6998 

6686 

6049 

7740 

7355 

7018 

6667 

6172 

7857 

7393 

7083 

6651 

6103 

7667 

7259 

7003 

6707 

6096 
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one  or  all  of  the  following  three  different  quantities.  These  are:  (a)  The  area  of 
the  band  i>  as  measured  by  the  planimeter;  (b)  the  ratio  of  ordinates  at  the  band  p, 
i.e.,  p/p  sc;  (c)  the  corresponding  ratio  <£/</>  sc.  The  reader  may  note  these  three 
spectrum  places  in  plate  2.  In  figure  8  we  give  the  three  curves  for  estimating  band 
areas  as  derived  at  Table  Mountain  station,  where  their  importance  is  greatest,  because 
the  average  precipitable  water  in  the  atmosphere  there  is  greater  than  at  our  other 
stations.  There  is  given  in  table  9  a  comparison  between  band  areas  read  from  the 
curves  of  figure  8  and  the  same  actually  measured  throughout  with  the  planimeter. 

Still  other  corrections  must  be  made.  They  concern  those  parts  of  the  spectrum 
beyond  the  limits  of  our  holographs  in  the  ultraviolet  and  the  infrared.  These  cor¬ 
rections  were  fully  explained  in  volume  5  of  these  Annals  17  and  the  explanation  will 
not  be  repeated  here.  Suffice  it  to  say  that  we  add  to  the  area  included  by  the  holo¬ 
graph  certain  percentages  of  the  area  included  between  place  47  and  place  19.5  to 
cover  ultraviolet  radiation  not  observed,  and  certain  percentages  of  the  areas  included 
between  place  —5  and  place  19.5  to  cover  infrared  radiation  not  observed.  These 
corrections  are  given  in  the  following  tabulations: 

Table  10. — Corrections  for  spectrum  not  observed 
Infrared  percentage  corrections  a 


Precipitable  water,  cm .  0  1  2  3  4  5 

Percentage  of  area .  3.95  3.28  2.77  2.35  2.03  1.80 


Ultraviolet  corrections.  Determination  of  1925 
Transparency  (place  36) 


Air  mass 

0.790 

0.760 

Percentage  corrections 

0.730 

b  T 

0 . 

.  6.88 

6.88 

6.88 

1 . 

......  3.90 

3.39 

2.90 

2 . 

.  2.22 

1.79 

1.36 

3 . 

1.28 

0.96 

0.64 

4 . 

. .  0.73 

0.56 

0.38 

5 . 

.  0.45 

0.33 

0.21 

11  As  percentages  of  areas  of  holographs  between  places  —  5  and  +  19.5,  which  includes 
about  half  the  total  area. 

b  These  percentages  relate  to  the  holographic  area  between  our  places  47  and  19.5  corre¬ 
sponding,  respectively,  to  wave  lengths  0.346  and  0.704  micron,  and  including  about  half 
the  total  area.  The  percentage  values  in  the  table,  both  infrared  and  ultraviolet,  are 
therefore  about  twice  as  great  as  their  effects  on  the  solar  constant. 


For  unobserved  ultraviolet  and  infrared  they  amount,  outside  the  atmosphere,  to  about 
3.4  and  2.0  percent,  respectively,  of  the  total  area  included  by  the  holograph. 

One  saving  consideration  must  be  repeated.  It  is  taken  from  the  full  description 
in  volume  5  of  these  Annals.18  If  the  assumed  corrections,  as  added  fractions  of  the 
areas  included  by  the  holographs,  are  too  large  or  too  small,  and,  on  account  of  their 
error,  the  areas  of  the  holographs  as  estimated  are  not  accurately  proportional  to 
the  simultaneous  readings  of  the  pyrheliometer,  then  the  corrections  applied  in  setting 
up  all  the  ordinates  on  the  slide-rule  machine,  as  described  above,  will  tend  to  correct 
the  errors  made  in  estimating  the  ultraviolet  and  infrared  corrections.  The  same 
consideration  applies  to  errors  made  in  estimating  the  areas  of  the  water-vapor  bands. 


17  Annals,  vol.  5,  pp.  103-110,  1932. 

18  Annals,  vol.  5,  pp.  109-110,  1932. 
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To  prove  that  this  statement  is  true,  we  refer  to  Annals,  volume  3,  page  46,  and  volume 
5,  page  109,  where  the  matter  is  discussed  and  numerically  illustrated. 

In  what  has  gone  before  we  have  written  as  if  the  spectroscopic  apparatus  either 
absorbed  nothing  of  the  energy  in  the  spectrum  or  absorbed  the  same  proportion  for 
all  wave  lengths.  This  is  not  true.  Although  it  makes  but  a  small  error  in  the  result, 
especially  as  regards  variation  in  the  solar  constant  from  day  to  day,  we  do,  for 
accuracy’s  sake,  allow  for  the  differential  transmission  of  the  spectroscopic  apparatus 
at  different  wave  lengths. 

A  fully  illustrated  description  of  our  method  of  determining  the  differential 
transmission  of  the  spectroscope  is  given  in  these  Annals,  volume  2,  page  51,  and 
volume  3,  page  27,  and  need  not  be  repeated  here.19  As  our  purpose  in  recent  years 
has  been  solely  to  trace  the  variability  of  the  sun,  not  to  measure  absolutely  the  solar 
constant,  we  have  contented  ourselves  with  procuring  optical  surfaces  of  the  most 
constant  qualities,  and  estimating  once  for  all  for  each  observing  station  the  differen¬ 
tial  transmission  of  the  spectroscope.  With  this  object  we  use  stellite  mirrors  ex¬ 
clusively  throughout  the  optical  train,  and  frequently  clean  their  surfaces.  The  prisms 
are  all  nearly  alike,  and  are  of  ultraviolet  crown  glass  Jena  U.V.  The  thin  flat  plates 
of  the  bolometers  are  of  Pyrex  glass,  which  has  nearly  the  qualities  of  fused  quartz. 

As  we  do  not  have  the  facilities  at  the  several  stations  for  conducting  full  deter¬ 
minations  of  the  spectroscopic  transmission,  and  as  rather  gross  errors  are  allowable 
in  it  without  appreciably  affecting  the  solar-constant  values,20  a  fortiori  not  affecting 
the  variability  of  them  from  day  to  day,  we  have  used  the  following  procedure  to 
determine  the  correcting  factors  for  spectroscopic  transmission  at  each  of  the  stations. 
We  extrapolate  an  unaltered  holograph  to  obtain  its  form  as  it  would  be  if  the  same 
spectroscope  could  be  exposed  to  the  sun  outside  the  atmosphere.  Then  we  divide 
these  extrapolated  ordinates  for  outside  the  atmosphere  into  the  corresponding  ordi¬ 
nates  of  the  solar  energy-spectrum  curve  determined  by  Abbot  and  Aldrich  in  1922, 21 
and  thus  obtain  a  series  of  multipliers  for  the  different  wave  lengths  which  are 
approximately  suited  to  eliminate  differential  spectroscopic  transmission.  We  call 
this  series  of  multipliers  the  SS  curve.22  Every  set  of  measured  holographic  ordinates 
is  multiplied  by  SS  before  being  set  up  on  the  slide-rule  instrument  for  extrapolation, 
or  otherwise  used  in  the  short  method. 

As  the  earth’s  distance  from  the  sun  varies  throughout  the  year,  it  is  necessary 
to  multiply  the  sum  of  energy  values  outide  the  atmosphere  by  the  square  of  the 
earth’s  radius  vector,  p,  to  obtain  the  solar  constant. 

SUMMARY,  THE  LONG  METHOD 

I  sum  up  the  points  in  the  determination  of  the  solar  constant  by  the  long  method. 

We  determine  the  following  quantities  simultaneously  at  several  values  of  the 

19  See  also  Smithsonian  Misc.  Coll.,  vol.  74,  No.  7,  1923. 

20  See  Annals,  vol.  3,  p.  46,  1913. 

21  Smithsonian  Misc.  Coll.,  vol.  74,  No.  7,  1923. 

22  This  cryptic  name  arose  very  early  with  us,  when  in  Washington  we  used  the  Grubb  siderostat  to  reflect 
solar  rays  to  the  spectrobolotneter. 
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air  mass,  ranging  usually  from  5.00  to  1.50,  preferably  observing  in  the  morning 
hours : 

(A)  Observations. 

1.  By  pyrheliometry,  the  total  intensity  of  the  solar  beam  at  the  station. 

2.  By  spectrobolometry,  the  distribution  of  intensities  in  the  solar  spectrum. 

3.  By  theodolite,  the  altitude  of  the  sun,  to  determine  the  air  mass.  (See  fig  9.) 


(B)  Reductions. 

1.  By  measurements  we  ascertain  the  ordinates  of  the  partially  smoothed  holographs  at  some 
40  equally  spaced  intervals  in  the  prismatic  spectrum. 

2.  By  SS  curve  we  correct  these  ordinates  to  eliminate  differential  spectroscopic  transmission. 

3.  From  band  area  curves  (see  fig.  8)  we  determine  the  subtractive  areas  included  between  the 
smoothed  curves  and  the  actual  holographs  in  the  great  bands. 

4.  We  divide  the  pyrheliometer  readings  by  the  corresponding  summed-up  areas  included 
under  the  holographic  curves.  These  curves  are  corrected  for  band  areas,  and  for  ultraviolet  and 
infrared  regions  of  spectrum  not  observed. 


5.  We  apply  the  corrections  for  fractional  variations  of  the  ratio 


Pyrh- 

area 


,  just  determined,  and 


then  extrapolate  all  holographic  ordinates  ( e )  to  zero  air  mass  (£0)  and  determine  atmospheric 
transmissions  using  the  slide-rule  extrapolating  machine. 

6.  Finally  we  compute  the  quantity : 


,  )2xP  rh  x  ^g°  +  extra~atmosP^er^c  (u.v.  +  i.r.)  bands 
^  ‘  2^  +  infra-atmospheric  (u.v.  +  i.r.)  bands 

Having  now  covered  the  principal  details  of  our  process  for  determining  the 
solar  constant  of  radiation  by  the  fundamental  or  long  method,  we  will  give  a  com¬ 
plete  determination  by  this  method  in  illustration. 

Tables  16  to  20  cover  the  observing  of  August  14,  1937,  at  Montezuma,  and 
the  complete  computation  of  the  solar  constant  by  the  long  method.  Tables  21  and  22, 
immediately  following  them,  illustrate  for  the  same  day  two  kinds  of  application  of 
the  short  method,  which  we  shall  now  proceed  to  explain. 


THE  SHORT  METHOD 

This  method  differs  in  two  respects  only  from  the  long  method  just  described. 
These  relate  to  the  method  of  estimating  atmospheric  transmission  and  the  method  of 
computing.  It  will  be  plain  to  readers  that  when  the  sky  is  hazy  the  transmission  of 
the  atmosphere  is  diminished.  In  the  year  1919  A.  F.  Moore  had  collected  at  our 
Chile  station,  then  on  the  outskirts  of  the  city  of  Calama,  many  measurements  of  the 
brightness  of  the  sky  near  the  sun  on  days  when  solar-constant  values  were  deter¬ 
mined.  C.  G.  Abbot,  visiting  the  station  in  that  year,  noted  the  relationship  of  the 
transmission  coefficients  for  all  wave  lengths  with  the  values  of  sky  brightness.23 
It  was  found  that  the  points  lay  fairly  close  to  representative  curved  lines,  so  that, 
knowing  the  brightness  of  the  sky  near  the  sun,  one  could  read  from  curves  the 
most  probable  values  of  atmospheric  transmission  for  all  wave  lengths. 

This  method  of  determining  atmospheric  transmission  was  improved  by  con¬ 
structing  special  forms  of  the  pyranometer  in  order  to  restrict  the  observation  of  sky 
brightness  to  very  definite  and  sharply  defined  areas  extending  only  a  short  distance 


23  Annals,  vol.  4,  pp.  80-84,  1922. 
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all  around  the  sun,  screening  off  the  sun  so  that  none  of  its  direct  rays  could  possibly 
be  reflected  into  the  instrument,  and  by  combining  with  the  measures  of  sky  brightness 
certain  other  quantities,  thus  composing  what  we  call  the  function.  Our  present 
curves  for  determining  atmospheric  transmission  are  plotted  with  atmospheric  trans¬ 
mission  coefficients  as  ordinates  against  functions  as  abscissae. 

THE  FUNCTION 

In  our  first  short  method  used  successfully  at  Montezuma,  1920-1923,  we 
expressed  the  transmission  of  the  atmosphere  for  all  wave  lengths  graphically  in 


7*OG® 


30® 


8*00® 


30® 


9*  00® 


30® 


10*00® 

I  M  2  3  4  5 

Fig.  9. — Pyrheliometry,  air  mass,  and  time. 

plots  whose  sole  argument  was  the  brightness  of  the  sky  near  the  sun.24  This  method 
proved  unsatisfactory  for  Table  Mountain  and  we  substituted  another  argument, 
depending  on  what  we  called  the  pyranometer  excess  in  combination  with  the  pre- 
cipitable  water  prevailing  in  the  atmosphere.  We  now  use  this  second  conception  for 
all  stations. 

In  short,  when  the  state  of  the  atmosphere  is  of  normal  or  average  constitution, 
we  regard  the  atmospheric  transmission  as  a  function  alone  of  the  atmospheric 
humidity.  But  for  any  particular  day  the  atmospheric  condition  will  probably  differ 
from  the  average,  and  we  find  in  the  pyranometer  excess  the  index  of  its  difference. 


24  See  Annals,  vol.  4,  pp.  76-84,  figs.  6,  7,  1922. 
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Our  problem,  then,  is  to  find  the  necessary  correction  to  the  prevailing  value  of  the 
precipitable  water,  in  terms  of  pyranometer  excess,  so  that  the  thus-corrected  pre- 
cipitable-water  value  will  serve  as  a  satisfactory  argument  for  determining  the 
atmospheric-transmission  coefficients. 

To  facilitate  the  explanation  of  the  function  used  in  the  short  method  we  will 
make  the  following  abbreviations.  Let  the  precipitable  water  as  measured  by  Fowle’s 
method  25  be  expressed  in  units  of  i/io  mm.  and  called  w.  Let  the  atmospheric  trans¬ 
mission  coefficients,  meaning  the  fraction  of  the  solar  beam  of  homogeneous  wave 
length  transmitted  at  zenith  sun  from  outside  the  atmosphere  to  the  observing  station, 
be  expressed  in  units  of  o.ooi,  and  called  a.  Let  the  pyranometer  excess,  meaning  the 
departure  of  the  brightness  of  the  sky  near  the  sun  from  the  average  brightness  of 
normal  pyranometry,  be  expressed  in  units  of  o.oooi  calorie,  and  called  e.  Let  the 
function  be  called  F.  Let  there  be  a  quantity  called  Q.  Then  we  are  to  show  that  for 
each  wave  length  at  which  we  measure  the  holograph,  the  atmospheric  transmission 
coefficient  may  be  satisfactorily  expressed  in  terms  of  the  function  whose  formula  is : 

F  =  wJrQe. 

It  is  desirable  first  to  explain  the  derivations  of  w  and  of  e.  Then  we  shall  explain 
the  derivation  of  Q.  Finally  we  shall  show  that  the  atmospheric  transmission  coeffi¬ 
cients  of  all  wave  lengths,  as  obtained  at  all  stations  during  several  years  of  observa¬ 
tion  by  the  long  method,  and  under  all  sorts  of  atmospheric  conditions  prevailing  on 
cloudless  days,  may  be  represented  within  their  probable  error  in  terms  of  the  function. 

The  spectrobolometric  determination  of  precipitable  water  is  discussed  by  F.  E. 
Fowle.26  As  practiced  here,  it  depends  on  the  ratio  of  ordinates  p/p  sc.  That  is  the 
ratio  of  the  ordinate  in  the  bottom  of  the  great  water-vapor  band,  p,  as  compared  to 
the  ordinate  of  the  smoothed  curve  drawn  over  the  top  of  that  band. 

We  can  measure  this  ratio  to  i  percent.  The  principal  uncertainty  comes  in 
keeping  the  spectroscope  at  constant  resolving  power,  day  after  day,  and  year  after 
year,  so  that  the  sharp  nick  in  the  curve  at  the  bottom  of  p  will  be  unaltered  by  spectro¬ 
scopic  causes,  and  measurements  will  yield  comparable  values  for  w.  It  is  not  at  all 
essential  that  the  determination  of  w  shall  be  exactly  absolute,  or  that  it  shall  be  com¬ 
parable  from  one  station  to  another.  All  that  we  require  is  that  the  values  of  w  shall 
be  on  the  same  scale,  year  after  year,  as  they  were  when  the  short  method  of  that 
station  to  which  they  belong  was  established. 

To  check  upon  the  continued  uniformity  of  the  resolution  of  the  spectrobolometer, 
we  measure  daily  the  depth  of  the  nicks  of  the  holographs  corresponding  to  the 
Fraunhofer  lines  h  and  F  (wave  lengths  0.4102  and  0.4861  microns).  Their  measure¬ 
ments  are  recorded  in  terms  of  the  ratios  of  ordinates  at  the  bottoms  of  these  depres¬ 
sions  compared  to  the  ordinates  of  the  smoothed  curves  over  them.  (See  pi.  2.)  The 
following  results  are  usual  records,  and  were  made  at  Table  Mountain,  Septem¬ 
ber  18,  1936. 


Bolograph  I 

II 

III 

IV 

V 

Standard 

desired 

Air  mass  .  2.55 

2.20 

2.00 

1.80 

1.50 

Ratio  at  0.4102..  0.848 

0.845 

0.849 

0.842 

0.842 

0.845 

Ratio  at  0.4861 . .  0.854 

0.858 

0.858 

0.850 

0.852 

0.855 

25  Astrophys.  Journ.,  vol.  35,  p.  149,  1912,  and  vol.  37,  1913.  Reprinted  in  Annals,  vol.  3,  pp.  171-193,  I9!3- 

26  Astrophys.  Journ.,  vol.  35,  p.  149,  1912;  also  Annals,  vol.  3,  pp.  171-181,  1913. 
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Should  these  ratios  be  found  to  differ  much  from  the  standard  desired,  it  is  a  part 
of  our  requirements  of  the  observers  at  any  station  that  they  shall  keep  these  ratios 
as  constant  as  possible  at  their  original  figures  by  refocusing  the  spectroscope,  or 
slightly  altering  the  time  of  swing  of  the  galvanometer,  if  necessary.  As  these  nicks 
of  the  holographs  are  sharper  than  p,  we  have  hoped  that  so  long  as  the  resolving 
power  of  the  spectrobolometer  appears  to  be  constant  at  wave  lengths  0.4102  and 
0.4861,  it  will  be  constant  at  p. 


Fig.  10. — Normal  pyranometry,  Table  Mountain. 

Turning  now  to  pyranometer  excess,  we  quote  as  follows  from  Annals,  volume  5, 
pages  115-116: 

If  the  atmosphere  were  tranquil,  and  neither  cleansing  rains,  polluting  fires,  high  winds,  nor 
other  disturbances  occurred  to  alter  its  dustiness,  then  the  sky  brightness  near  the  sun,  as  measured 
daily  with  the  pyranometer,  would  have  a  certain  normal  value  associated  with  the  prevailing 
humidity.  The  greater  the  humidity,  the  brighter  would  be  the  “normal”  sky,  at  least  up  to  certain 
limits.  Our  first  care  was  to  determine  the  march  of  “normal  pyranometry”  at  Table  Mountain. 

For  this  purpose  we  collected  all  of  the  observations  made  at  air  mass  2.0  from  1925  to  1930. 
These  exceeded  1,000  days  in  number.  We  arranged  them  in  many  groups,  each  group  having 
nearly  constant  values  of  “precipitable  water,”  and  we  reduced  the  corresponding  pyranometer 
values  to  mean  solar  distance  in  each  group.  Having  done  this  we  counted  the  numbers  of  days  in 
each  group  when  the  pyranometer  values  lay  between  certain  rather  narrow  limits.  The  widths  of 
the  ranges  in  limits  we  chose  proportionally  to  the  average  corresponding  pyranometry.  These 
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numbers  of  days  we  plotted  as  ordinates  against  the  mean  pyranometry  of  the  groups  of  abscissae. 
Such  plots  are  shown  as  A,  B,  C  in  figure  16  [fig.  io  of  the  present  publication] .  The  plots  plainly 
indicate  that  the  maximum  frequency  occurs  for  pyranometry  181,  200,  and  255  in  these  groups, 
respectively. 

From  the  entire  number  of  data  we  found  that  the  curve  of  maximum  frequency  is  as  shown 
at  D  in  figure  16  [fig.  10  of  the  present  publication],  and  seems  to  be  sufficiently  well  represented 
by  the  straight  line  E  drawn  there.  This  we  regard  as  the  line  of  “normal  pyranometry”  for  air 
mass  2.0.  A  departure  of  any  observed  value  from  the  indication  of  the  line  of  normal  pyranometry 
we  term  the  “excess.”  It  may  have  any  value  from  —60  to  +150  or  even  much  more  on  very  hazy 
days.  These  latter,  however,  we  find  too  unsatisfactory  to  retain  in  the  record. 

There  remains  to  explain  the  derivation  of  the  constant  Q.  For  reasons  which 
will  appear,  we  are  accustomed  to  divide  the  range  of  precipitable  water  into  three 
(at  some  stations  four)  parts,  and  to  determine  a  separate  constant  Q  for  each  of  the 
groups  corresponding.  We  shall  illustrate  the  derivation  of  the  constant  Q  by  compu¬ 
tations  made  for  the  work  of  Montezuma  where  three  groups  are  in  use. 

Table  ii. — at  Montezuma 
A  a 

Groups 

'  ~A  B  C 


Places 

w  =  0  to  45 

w  =  45  to  75 

w  =  over 

40 

4.5 

6 

5 

36 

6 

8 

6 

32 

6 

9 

6 

30 

7 

9 

7 

28 

10 

10 

10 

24 

15 

9 

12 

20 

25 

11 

20 

17 

31 

11 

17 

11 

26 

11 

17 

7 

26 

13 

25 

We  choose  the  following  10  places  in  the  spectrum  as  sufficient  in  determining  Q: 
40,  36,  32,  30,  28,  24,  20,  1 7,  11,  and  7.  At  each  of  these  places  we  determine  the 
curve  of  normal  pyranometry  as  just  explained,  thus  expressing  the  normal  march 
of  a  values  in  terms  of  pyranometry  for  various  observed  values  of  w.  These  curves 
are  nearly  straight  lines  and  we  treat  them  as  straight  within  the  limits  of  each  of  the 
groups  A,  B,  C.  The  limits  of  these  groups  in  terms  of  w  are  as  follows: 


Group  ABC 

Ppt.  H20,  w .  0to45  45  to  75  over  75 


Within  these  groups  we  determine  the  slope  of  the  representative  straight  lines  for 
all  wave-length  places,  as  in  table  1 1 . 

The  next  step  was  to  determine  the  departures  of  atmospheric  transmission 
coefficients  from  these  curves  when  other  than  normal  pyranometry  prevailed.  For 
this  purpose  we  selected  numerous  satisfactory  long-method  days  in  which  a  wide 
range  of  precipitable  water  and  of  pyranometry  at  m  =  2.0  was  presented.  These  we 
arranged  in  groups  of  rather  narrow  ranges  of  precipitable  water.  In  each  group  we 
reduced  the  values  of  atmospheric  transmission  at  the  selected  spectrum  places  to 
what  they  would  have  been  if  the  precipitable  water  on  each  day  had  been  at  the  mean 
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value  of  the  group.  This  done,  we  plotted  excess  pyranometry  as  abscissae  against 
departures  of  atmospheric  transmission. 

From  the  curves  representing  these  data  we  derive  table  12  to  express  A  a  for 
Ae  =  100. 


Table 

12. — A  a  for  Ae  = 

100.  Montezuma 

Groups 

A 

B 

C 

Places 

w  —  0  to  45  w 

=  45  to  75 

w  =  over  75 

40 

30 

17 

40 

36 

23 

13 

32 

32 

21 

12 

32 

28 

19 

12 

27 

24 

14 

11 

19 

20 

9 

12 

14 

17 

6 

10 

9 

13 

4 

9 

11 

11 

5 

10 

10 

7 

5 

8 

7 

Combining  results  from  the  two  preceding  tables  we  find  the  equivalent  change  in 
precipitable  water  corresponding  to  a  change  of  100  in  pyrheliometer  excess,  table  13. 


Table 

13. — Aw  for  Ae  = 

=  IOO. 

Groups 

Montezuma 

Places 

A 

w  =  0  to  45  w 

B 

—  45  to  75 

c 

w  —  over  75 

40 

135 

102 

200 

36 

138 

104 

192 

32 

126 

108 

192 

28 

133 

108 

189 

24 

140 

110 

190 

20 

135 

108 

168 

17 

150 

110 

180 

13 

124 

99 

187 

11 

130 

110 

170 

7 

130 

104 

175 

Mean 

.  134 

106 

184 

Q  •••• 

.  1.34 

1.06 

1.84 

Hence,  for  Montezuma  we  have : 


Group  HoO  Function 

A  .  0to45  F  —  w  +  1 .34  e 

B  .  45  to  75  F  —  w-\-\B6  e 

C  .  over  75  F  =  zy+1.84  e 


This  derivation,  as  we  have  said,  is  based  on  observations  at  air  mass  2.0.  The 
reader  will  perhaps  suppose  that  other  functions  must  be  computed  corresponding 
to  observations  at  other  air  masses.  We  avoid  this,  for  it  is  found  that  pyranometry  at 
other  air  masses,  as  1.5,  1.8,  2.2,  or  2.5,  can  be  satisfactorily  reduced  on  the  basis  of 
our  large  experience  to  what  it  would  have  been  under  similar  sky  at  air  mass  2.0. 
Thus  the  function  as  derived  is  applicable  to  determine  atmospheric  transmission  from 
pyranometry  at  any  air  mass. 

The  function  itself  and  the  derivation  of  it  are  altogether  of  empirical  natures. 
“By  their  fruits  ye  shall  know  them.”  Does  the  use  of  the  function  as  argument 
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enable  us  to  represent  the  value  of  a  for  all  wave  lengths  and  all  observed  conditions 
of  the  atmosphere  within  the  probable  error  of  possible  observation?  The  answer 
to  this  all-important  question  is  to  be  found  in  plates  5  and  6,  as  far  as  it  concerns 
about  60  percent  of  the  days  of  observation  experienced  in  many  years  at  Montezuma. 

From  plots  like  plates  5  and  6,  expressing  long-method  values  of  a  in  terms  of 
function  the  deviations  of  the  individual  values  of  a  from  the  best  representative  lines 
have  been  tabulated  with  the  results  given  in  table  14.  The  tables  are  restricted  to 
three  wave  lengths,  short,  medium,  and  long,  which  are  thought  to  be  sufficient  to  give 
readers  a  fair  idea  of  the  success  attained  in  deriving  a  values  by  the  short  method. 

Table  14. — Illustrating  the  accuracy  of  function-transmission  plots 
I.  Station,  Montezuma 


Group 


r 

A 

B 

C 

W 

=  0  to  45 

W  = 

-  45  to  75 

W  = 

=  over  75 

Percentage  of  all  days 

'57.9 

25.5 

16.5' 

Place  in 
spectrum 

A 

A 

No. 

Mean  A  a 

No. 

Mean  A  a 

No. 

Mean  A  a 

38 

83 

0.0036 

50 

0.0052 

16 

0.0059 

22 

81 

0.0035 

53 

0.0041 

17 

0.0028 

7 

79 

0.0021 

53 

0.0028 

16 

0.0028 

II.  Station,  St.  Katherine 

Group 

' 

A 

B 

C 

D 

W  ■ 

=  0  to  25 

W 

=  25  to  45 

W  = 

--  45  to  65 

W 

=  over  65 

Percentage  of  all  days 

45.3 

23.5 

13.8 

17.4 

Place  in 
spectrum 

A  . 

A 

No. 

Mean  A  a 

No. 

Mean  A  a 

No. 

Mean  A  a 

'No. 

Mean  Aa 

38 

81 

0.0051 

33 

0.0067 

11 

0.0051 

7 

0.0110 

22 

75 

0.0034 

33 

0.0036 

11 

0.0026 

6 

0.0088 

7 

78 

0.0031 

35 

0.0049 

11 

0.0038 

6 

0.0104 

III.  Station,  Table  Mountain 

Group 

f 

A 

B 

C 

D 

W 

=  0  to  25 

W  = 

=  25  to  45 

w  ~ 

45  to  75 

w  - 

=  over  75 

Percentage  of  all  days 

.X 

Place  in 

'26.7 

26.3 

25.8 

A  . 

21.2' 

No. 

Mean  Aa 

No. 

Mean  A  a 

No. 

Mean  A  a 

No. 

Mean  A  a 

spectrum 

38 

39 

0.0068 

37 

0.0059 

28 

0.0067 

29 

0.0080 

22 

37 

0.0063 

37 

0.0036 

28 

0.0046 

29 

0.0067 

7 

39 

0.0033 

37 

0.0032 

29 

0.0022 

29 

0.0033 

“No.”  signifies  the  number  of  days  of  long  method  included  in  the  a  values  used  to 
prepare  the  plots.  These  days  will  be  understood  as  scattered  over  the  whole  ranges 
of  precipitable  water  included  in  the  groups.  “Percentage  of  all  days”  gives  the 
approximate  division  of  all  observing  days  within  the  group. 

The  reader  should  not  infer  that  the  departures  of  a  values  from  the  function- 
transmission  curves  are  mainly  due  to  the  variable  character  of  the  atmosphere  as 
making  it  impossible  fairly  to  represent  atmospheric  transmission  on  a  certain  day 
and  certain  wave  length  by  such  function-transmission  curves.  While  there  would 
be  fairly  large  errors  of  this  kind  if  the  representation  were  attempted  at  stations 
like  Mount  Brukkaros,  where  high  winds  frequently  carry  dust  clouds  over  the  station, 
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and  while  some  days  even  at  Table  Mountain  doubtless  present  abnormal  atmospheric 
conditions,  when  the  function-transmission  curves  are  not  highly  accurate  repre¬ 
sentations  of  atmospheric  transmission,  yet  the  usual  close  accord  between  stations 
in  daily  solar-constant  values  shows  that  the  function  is  fairly  adequate  on  good  days. 

The  reader  should  recall  that  the  long  method  from  which  all  the  values  of  a 
plotted  in  plates  5  and  6  are  determined,  as  well  as  other  similar  plots  from  which 
table  14  was  prepared,  can  probably  on  no  single  day  ever  give  correct  a  values.  For 
during  the  several  hours  of  its  progress  the  sky  must  almost  inevitably  become  grad¬ 
ually  either  more  transparent  or  less  transparent.  Hence,  almost  invariably  the  long- 
method  values  themselves  must  be  too  high  or  too  low.  Thence  arises  to  a  large  degree 
their  scatter  about  these  mean  preferred  curves.  Most  probably  the  mean  lines  as 
drawn  in  our  function-transmission  plots  are  truer  by  far  than  most  sets  of  a  values 
from  which  they  are  plotted. 

If  we  assume  that  the  actual  errors  in  long-method  a  values  due  to  the  causes 
just  explained  are  of  the  same  order  as  the  errors  in  a  values  due  to  the  imperfection 
of  the  function  as  an  argument  for  deriving  a  values  by  the  short  method,  then  the 
mean  A  a  values  of  the  preceding  table  should  be  divided  by  ~\J2  to  obtain  indications 
of  the  probable  error  in  values  of  a  derived  by  the  short  method. 

In  a  former  discussion  of  sources  of  error  in  solar-constant  determinations  27 
we  treated  the  effect  of  errors  in  a.  But  in  that  discussion  we  assumed  that  the  values 
of  a  for  different  wave  lengths  were  independently  determined.  This  is  not  the  case 
for  the  short  method.  If  an  unsuitable  value  for  the  function  is  once  selected,  then 
all  values  of  a  for  the  whole  spectrum  are  thereby  determined,  and  all  are  too  high 
or  too  low. 

If  we  grant  the  assumption  just  made,  namely  that  on  apparently  good  days  it 
is  equally  probable  that  a  values  are  rendered  too  high  or  too  low  by  defects  in  the  long 
method  as  by  defects  in  the  short  method,  then  it  is  possible  to  compute  the  average 
expectation  of  error  in  solar-constant  values  obtained  by  the  short  method,  due  to 
unsuitableness  of  the  function.  For  taking  the  average  departure  values  of  table  14 
at  place  22  as  illustrative,  we  divide  each  of  them  by  y/2,  since  there  are  assumed 
to  be  two  equal  sources  of  error  contributing  to  these  departures.  We  then  determine, 
in  the  most  used  part  of  the  function-transmission  plots  for  place  22,  the  change  of 
function  required  to  produce  the  assumed  error  in  a.  With  two  functions  correspond¬ 
ing  to  such  a  change  in  a  we  compute  the  areas  of  holographs  outside  the  atmosphere 
corresponding.  The  results  for  Montezuma  and  Table  Mountain  are  found  in  table  15. 

The  magnitudes  of  these  percentages  are  altogether  determined  by  our  assump¬ 
tion  that  the  errors  fundamental  in  the  long  method  and  those  characteristic  of  the 
short  method  are  equal.  It  is  very  possible  that  the  errors  fundamental  in  the  long- 
method  derivation  of  a  values  are  proportionally  much  larger  than  thus  assumed,  in 
which  case  the  values  found  in  table  1 5  would  be  much  smaller  for  fine  days.  Of  course 
on  abnormal  days,  as  when  low  smoke  or  faint  high  cirri  obscure  the  atmosphere, 
the  short  method  and  the  long  method  both  fail  miserably.  Such  days  are  more  fre¬ 
quent  at  Table  Mountain  than  at  Montezuma. 


27  Annals,  vol.  2,  pp.  79-81,  1908. 
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With  three  observations  per  day,  the  probable  error  of  the  solar  constant  is  of 
course  materially  reduced,  in  the  ratio  a/3>  below  the  values  indicated  above. 

A  more  reliable  estimate  of  the  probable  error  at  good  stations  will  come  below 
when  we  compare  daily  results  at  Montezuma  and  other  stations. 

Table  15. — Errcms  in  single  short-method,  solar  constants  corresponding 
to  assumed  errors  of  a,  due  to  imperfect  adequacy 
of  representation  of  a  by  functions 

(Function  changes  chosen  represent  conditions  at  place  22,  as  an  average  wave  length) 

Table  Mountain  Station 


Group 

_  A _ __________________ _ 

A  B  C  D 

_ A _  _ A _  _ A _  A 

Functions  .  60  90  120  160  60  90  57  81 

Outside  areas  .  60920  61429  61023  61383  61909  62306  60698  61248 

Percent  difference  ..  0.83  0.59  0.64  0.65 


Montezuma  Station 


Group 

A ^  B~  C ^ 

Functions  .  4  20  70  95  80  115 

Outside  areas  .  64030  64350  65247  65452  66048  66394 

Percent  difference  ..  0.50  0.32  0.52 


ABRIDGED  COMPUTATIONS 

While  the  atmospheric  transmission  coefficients  read  off  from  the  empirical 
curves  which  correlate  function  with  the  transmission  coefficients  determined  by  the 
long  method  might  be  used  for  extrapolation  in  the  manner  already  explained  as 
standard  procedure  in  the  long  method,  we  have  developed  abridged  ways  of  computing 
the  solar  constant  for  the  short  method.  These  abridged  computing  methods  yield 
almost  precisely  the  same  results  as  the  standard  method  for  the  solar-constant  values, 
but  they  present,  besides  their  brevity,  certain  opportunities  for  checking  computa¬ 
tions  which  the  standard  method,  above  described,  does  not. 

As  groundwork  for  our  erroneous  short  method  of  1923,  now  abandoned,  we 
computed  for  each  of  our  stations  extensive  tables  which  gave  energy  curves  outside 
the  atmosphere  corresponding  to  several  standard  forms  of  energy  curves  at  the 
observing  station.  The  standard  forms  selected  were  such  as  would,  on  the  average, 
be  observed  holographically  at  the  station,  with  certain  definite  air  masses,  under 
average  conditions  of  atmospheric  transmissions  and  values  of  precipitable  water. 

We  have  computed,  once  and  for  all,  certain  tables  individually  suited  to  the 
station  using  them.  First  is  a  table  giving  the  small  fractional  corrections  to  be 
applied  at  all  wave  lengths  of  our  actual  holograph  to  reduce  its  ordinates  to  what  they 
would  have  been  if  observed  instantaneously  at  one  of  the  five  standard  air  masses 
1.50,  1.80,  2.00,  2.20,  2.50. 

Second  is  a  table,  the  so-called  SS  table,  to  correct  for  differential  trans¬ 
missiveness  of  the  coelostat  and  spectroscope.  It  has  numerous  columns  on  progres¬ 
sively  increasing  scales  from  among  which  the  computer  selects  the  one  which  gives 
the  set  of  values  which  would  change  the  observed  value  of  e  at  place  15  to  that  of 
the  standard  curve  at  place  15,  that  is,  to  the  standard  curve  with  which  the  observed 
holograph,  as  corrected,  is  about  to  be  compared. 
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Third  is  a  table  giving  sets  of  values  of  a  and  i  for  all  wave  lengths  and 

Cl 

for  the  five  standard  air  masses  in  terms  of  the  argument  “function.”  28  The  values 
of  a  from  which  this  third  table  is  computed  are  taken  direct  from  the  function-trans¬ 
mission  curves  such  as  are  reproduced  in  plates  5  and  6.  The  intervals  in  the  argument 
“function”  are  small,  and  a  column  of  differences  in  a  is  given  opposite  each  column 
of  a  to  facilitate  interpolation. 

A  fourth  table  gives  five  standard  forms,  each  representative  of  an  average  day 
at  a  station.  It  gives  the  spectral  distribution  of  energy  which  the  sun’s  average 
energy  curve  outside  the  atmosphere  would  present  at  the  station  at  the  surface  of  the 
earth,  if  observed  with  optical  apparatus  of  uniform  transmission  for  all  wave  lengths, 
and  used  at  air  masses  1.50,  1.80,  2.00,  2.20,  and  2.50.  The  area  of  the  parent  curve 
outside  the  atmosphere,  from  which  these  five  curves  of  different  air  mass  are  all 
derived,  is  of  course  known. 

The  steps  in  a  computation  by  our  present  abridged  short  method  are  these : 

1.  Reduce  the  holograph  to  instantaneous  observation  at  a  standard  air  mass. 

2.  Correct  for  SS  and  scale  simultaneously. 

3.  Set  down  by  inspection  the  differences  of  ordinate  between  the  standard  and  the  corrected 
observed  holograph.  Note  that  the  summation  of  (3)  added  to  summation  of  (2)  must  equal 
summation  of  the  standard  itself. 

4.  Multiply  the  set  of  differences  (3)  by  the  appropriate  set  of  values  of  ^7  .  This  can  usu¬ 
ally  be  done  mentally. 

5.  Sum  up  the  products  (4). 

6.  Subtract  the  summation  (5)  from  the  area  of  the  standard  curve  outside  the  atmosphere. 

7.  Apply  appropriate  corrections  as  in  long  method  for  ultraviolet,  infrared,  and  bands,  and 
for  solar  distance,  finishing  the  computation  of  the  solar  constant  as  in  the  long  method  already 
described. 


Owing  to  cloudiness  or  other  cause,  it  has  sometimes  happened  that  holographs 
were  taken  at  air  masses  too  far  removed  from  the  standard  air  masses  to  be  treated 
as  just  described.  For  such  cases  we  take  out  the  a  values  and  use  them  just  as  if 
they  had  been  obtained  by  high  and  low  sun  observing,  according  to  the  processes 
of  the  long  method.  This  is  the  procedure  used  from  1919  to  1923. 

We  now  give  in  tables  a  sample  determination  of  the  solar  constant  by  the  short 
method  as  abridged,  also  by  the  short  method  as  originally  and  correctly  used  from 
1919  to  1923,  and  we  compare  these  results  with  the  solar  constant  determined  for 
the  same  day  by  the  long  method,  which  is  also  given  in  full  in  the  tables. 


28 

It  becomes  by  differentiation 


e  =  eoam 


de  =  amde<>  +  e0mam  1 
_ de  —  Co mam~1da 


da  whence 


Recollect,  furthermore,  that  the  argument  “function”  involves  implicitly  for  each  of  its  values  one  unique  set 
of  values  of  a  fit  to  extrapolate  to  zero  air  mass  the  set  of  values  of  e  read  from  a  partly  smoothed  holograph  taken 
at  the  said  value  of  “function.”  Hence  if  we  use  the  formula  above  to  compute  corrections  to  the  area  of  a 
corresponding  holograph  taken  outside  the  atmosphere  we  may  neglect  the  expression  —  (c0 mam~1da)  for  the  reason 

that  da  equals  zero.  Hence  we  arrive  at  the  simple  expression :  de0  —  — - 

am 


6 
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Table  16. — Solar-constant  observing.  Montezuma,  August  14,  1937.  Pyrheliometry  ( Angstrom ) 


Reading  times  Ammeter 


Direct 
h  m  s 

A 

Reversed 
h  m  s 

Mean 
air  mass 

deflections 

A 

Direct  Reversed 

Corre¬ 

sponding 

current 

Current 

squared 

Mean  C2 

Logarithm 
mean  C2 

6  59  20 

1355“ 

2862 

8191 

7  00  00 

4.57 

1341 

2832 

8020 

8105 

9088 

7  00  30 

.  .  • 

... 

1360 

.  .  . 

2872 

8248 

.  .  . 

7  01  20 

4.47 

.  .  . 

1347 

2845 

8094 

8171 

9123 

7  08  30 

.  .  . 

1385 

.  .  . 

2925 

8556 

7  09  10 

3.97 

1370 

2893 

8369 

8462 

9275 

7  10  00 

1390 

2936 

8620 

•  .  . 

... 

7  10  40 

3.90 

1373 

2900 

8410 

8515 

9302 

7  30  10 

1290b 

3035 

9211 

.  .  . 

7  30  40 

3.05 

1275 

3000 

9000 

9105 

9592 

7  31  20 

.  .  . 

.  .  . 

1292 

3040 

9242 

7  31  50 

3.02 

1277 

3005 

9030 

9136 

9607 

7  51  10 

1315 

3094 

9573 

•  .  . 

.  .  • 

7  52  00 

2.52 

.  .  • 

1302 

3064 

9388 

9480 

9768 

7  52  40 

1318 

3101 

9616 

.  .  . 

7  53  20 

2.49 

.  .  . 

1305 

3071 

9431 

9523 

9787 

8  24  30 

.  •  • 

1348 

.  .  • 

3172 

10062 

8  25  10 

2.01 

1332 

3134 

9822 

9942 

9975 

8  25  50 

... 

1348 

3172 

10062 

•  .  . 

•  .  . 

8  26  40 

1.99 

1333 

3137 

9841 

9951 

9978 

9  33  30 

1380 

3247 

10543 

•  .  . 

8  34  10 

1.49 

1368 

3219 

10362 

10452 

0192 

9  34  40 

.  .  • 

1381 

3249 

10556 

... 

8  35  30 

1.49 

1367 

3217 

10349 

10452 

0192 

Weather  cloudless.  Good  clear  sky  about  sun.  Calm. 

a  Shunt  No.  2. 

b  Shunt  No.  1  hereafter.  A  table  which  takes  account  of  scale  corrections  and  shunt  values  enables  the 
computer  to  pass  directly  from  ammeter  deflections  to  corresponding  current. 

Logarithms  of  mean  C2  are  plotted  against  air  masses,  as  in  figure  9,  in  order  conveniently  to  interpolate 
pyrheliometry  at  desired  air  masses  in  the  computations  of  the  solar  constant. 
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Table  17. — Solar-constant  observing.  Montezuma,  August  14,  1937.  Air  mass  and  pyranometry 


Pyranometer  observations 

_ A _ 


Theodolite  observations 


Galvanometer 


Calibration 


Time 

h  TO  s 

.A  . 

Sun’s 

altitude 

Air 
mass  a 

Air-mass 

range 

readings 

with  shunt  No.  3 

Right 

Left 

Deflection 

Ammeter  C b 

C2 

Ca/d 

d 

6  55  17 

11°28' 

4.922 

3.14 

308 

460 

152 

1450 

2759 

761 

507 

150 

58  00 

12  04 

4.690 

310 

460 

150 

1449 

2757 

760 

513 

148 

59  00 

12  16 

4.618 

330 

473 

143 

7  00  00 

12  29 

4.542 

330 

478 

148 

148.2  X  5226  X  1087 c  = 

.0084 4 

03  00 

13  07 

4.333 

330 

480 

150 

07  30 

14  05 

4.054 

2.92 

340 

488 

148 

09  04 

14  29 

3.990 

Mean 

148.2 

10  00 

14  37 

3.913 

2.5  7 

349 

480 

131 

13  00 

15  15 

3.757 

350 

486 

136 

1400 

2664 

710 

534 

133 

26  10 

18  02 

3.203 

366 

495 

129 

1400 

2664 

710 

530 

134 

32  49 

19  24 

2.988 

368 

498 

130 

36  30 

20  10 

2.877 

369 

502 

130 

131.5  X  5226  X  1087  = 

.0075 

46  43 

22  17 

2.622 

2.43 

370 

504 

134 

53  53 

23  44 

2.477 

Mean 

131.5 

57  30 

24  28 

2.404 

2.04 

390 

503 

113 

8  19  40 

28  52 

2.070 

387 

500 

113 

1258 

2394 

573 

521 

110 

27  18 

30  20 

1.980 

374 

484 

110 

1258 

2394 

573 

525 

109 

30  30 

30  57 

1.944 

372 

482 

110 

9  32  10 

41  48 

1.500 

375 

485 

110 

111.5  X  5226X  1087  = 

.0063 

35  56 

42  23 

1.484 

1.96 

378 

487 

109 

41  30 

43  15 

1.460 

Mean 

111.5 

1.51 

339 

431 

92 

340 

430 

90 

1132 

2154 

464 

521 

88 

350 

440 

90 

1154 

2196 

482 

530 

91 

350 

440 

90 

349 

438 

89 

90.5  X5226  X  1087  = 

.0051 

1.47 

340 

431 

91 

§  =  5226 
d 

Mean 

90.5 

Mean 

•  See  figure  9,  time  and  air-mass  plot. 

b  Compensation  currents  are  used  of  such  values  as  to  give  deflections,  d,  about  equal  to  those  recorded  on  the  sky. 

«  Pyranometer  constant  =  1087. 

<*  Decimal  points  are  omitted  for  brevity  in  the  multipliers,  but  correctly  used  in  the  final  pyranometer  value  in  calories. 


Table  18. — Solar-constant  observing.  Montezuma,  August  14 ,  1937.  Measures  on  holographs 
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ADVANTAGES  OF  THE  SHORT  METHOD 

We  wish  now  to  recapitulate  the  advantages  of  the  short  method.  Compared 
to  the  long  method  it  yields  solar-constant  values : 

a.  With  less  work. 

b.  Three  times  as  numerously  on  a  given  day. 

c.  Unaffected  by  changing  haziness. 

d.  On  days  partly  cloudy  when  the  long  method  is  unavailable. 

e.  Of  higher  accuracy  than  the  long  method. 

a.  All  the  observational  data  for  one  short  method  can  be  obtained  in  jo  minutes. 
Those  for  one  long  method  should  involve  not  less  than  four  such  sets  of  observation. 


Table  19. — Solar-constant  observing,  Montezuma ,  August  14,  1937.  Miscellaneous  data 


Ultraviolet  corrections,  ass  =  .785  Infrared  corrections 

_ a _  _ A _ 


Bolograph 

nue  8 

Partial 

area 

Tabular 
percent  a 

Ultraviolet 

corrections  Ppt.  water 

Partial 

area 

Tabular  b 
percent 

Infrared 

corrections 

I  ....... 

...  4.31 

22,184 

.0060 

133 

1.33 

41,955 

.0311 

1305 

II  . 

....  375 

24,337 

.0078 

190 

1.14 

42,518 

.0321 

1365 

Ill  . 

...  2.91 

27,013 

.0129 

348 

0.83 

42,907 

.0339 

1455 

IV  . 

....  2.43 

28,819 

.0167 

481 

0.68 

43,056 

.0348 

1498 

V  ...... 

....  1.96 

30,413 

.0220 

669 

0.51 

43,040 

.0360 

1549 

VI  . 

....  1.47 

32,625 

.0290 

946 

0.33 

43,378 

.0372 

1614 

Precipitable  water  and  band  areas,  and  sensitivity  ratios 

Spectroscopic  definition  place  36  : 

=  .846.'  SS  place  15  c  = 

413.  SS  place  7  c  --  304 

Determination  of  p/psc 

A 

Bolograph 

area 

2d  sum 

Deflec- 

Ppt.H20 

Water-  d 
band  Other  d 
areas  bands 

Total 

band 

areas 

Pyrhe- 

liometer  Pyrh./Ss 

Sensi¬ 

tivity 

ratio 

Bolograph 

at  p 

curve 

p/psc  « 

at  m 

at  m  =  1 

I  . 

..  445 

822 

.541 

1.33 

.287 

5960  698 

8888 

56,689 

8,130  14,341 

.9994 

II  ...... 

..  472 

832 

.567 

1.14 

.288 

5740  660 

8600 

59,810 

8,510  14,228 

.9915 

Ill  . 

..  520 

843 

.617 

.83 

.273 

5295  600 

7922 

63,801 

9,146  14,435 

.9990 

IV  ..... 

. .  546 

844 

.647 

.68 

.271 

5004  555 

7457 

66,397 

9,510  14,323 

.9981 

V  . . 

..  583 

844 

.691 

.51 

.254 

4595  504 

6822 

68,849 

9.942  14,440 

1.0063 

VI  ..... 

628 

846 

.742 

.33 

.221 

4103  448 

6157 

72,406 

10,452  14,435 

1.0059 

Mean . . 

...  .266 

Mean....  14,350 

a  From  a  table  with  argument  ass.  See  Annals,  vol.  5,  p.  109,  1932.  b  See  Annals,  vol.  5,  p.  105,  1932. 

®  These  data,  with  water  tables  and  band  tables  of  1926;  give  the  values  which  follow. 

a  The  sum  of  water-band  areas  plus  other  bands,  multiplied  by  “X  SS”  place  7,  table  18,  gives  total  band  areas.  In  improved 
practice  “other  bands”  areas  are  multiplied  by  “X  SS”  place  15,  while  “water-band  areas”  only  are  multiplied  by  “X  SS”  place  7. 
•  The  number  46  is  correctly  used  here. 


preferably  five  or  six,  and  require  observing  intermittently  for  at  least  2  hours, 
without  much  opportunity  to  do  anything  useful  in  the  intervals  when  not  actually 
observing. 

The  computation  of  one  short  method  may  be  finished  by  two  observers  in  i  hour. 
For  one  long  method  it  requires  for  two  observers  about  8  hours. 

b.  We  are  accustomed  to  observe  and  compute  three  short-method  solar  con¬ 
stants  per  day.  The  observing  is  often  done  at  air  masses  2.50,  2.00,  and  1.50 
corresponding  to  solar-zenith  distances  of  approximately  66° 30',  6o°,  and  48°05'. 
The  computations  are  finished  by  4  o’clock  in  the  afternoon,  several  hours  before  a 
single  long  method  would  be  finished.  The  mere  increased  number  of  daily  values 
increases  the  probable  accuracy  by  the  square  root  of  3  =  1.7  times. 
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Table  20. — Solar-constant  observing.  Montezuma,  August  14,  1937. 
Computation  of  solar  constant 


Extrapolation  from  table  18  by  slide-wire  machine,  using  sensitivity  ratio, 

table  19 


Place 

Atmospheric 

transmission 

Extra 

atmospheric 

values 

Grade 

46 

666 

287 

VG  — 

44 

672 

315 

G 

42 

693 

533 

VG 

40 

725 

460 

VG 

38 

742 

722 

VG- 

36 

784 

1026 

VG  + 

34 

805 

1084 

VG  — 

32 

830 

1399 

VG  — 

30 

860 

1757 

VG 

28 

891 

2063 

VG  + 

26 

893 

2500 

VG- 

24 

900 

2723 

VG- 

22 

921 

2958 

VG 

20 

954 

3318 

VG- 

19 

968 

3526 

VG  + 

18 

977 

3660 

E- 

17 

984 

3692 

E- 

16 

989 

3700 

E 

IS 

993 

3602 

E  — 

14 

995 

3415 

E  — 

13 

996 

3126 

E- 

12 

995 

2822 

E- 

11 

992 

2495 

E- 

10 

990 

2187 

E  — 

9 

993 

1898 

E  — 

8 

995 

1610 

E- 

7 

994 

1384 

E  — 

6 

992 

1197 

VG- 

5 

994 

1092 

VG- 

4 

994 

1004 

VG- 

2 

992 

816 

VG- 

0 

981 

613 

VG  — 

—  2 

988 

330 

VG- 

—  4 

989 

165 

VG- 

Partial  areas : 

U.V.  end  . 

....  40,619 

I.R.  end  . . 

....  44,740 

U.V. 

correction  . 

....  2,795 

I.R.  correction  . 

....  1,767 

Total  area  = 

89,921 

By  reducing  factor  *  yields . . . . 

....  1.9029  cal. 

By  (solar  distance)2  = 

1.0258 

Yields  solar  constant  = 

1.952  cal. 

*  This  reducing  factor  includes  the  product  of  the  constant  of  the  Angstrom  pyrhe- 
liometer,  the  small  correction  for  precipitable  water  obtained  statistically,  and  the  factor 
near  unity  for  reducing  to  the  Montezuma  short-method  scale  of  1923-1939. 
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c.  Every  long-method  solar  constant  is  either  too  high  or  too  low,  because  the 
transmission  of  the  atmosphere  at  the  best  of  stations  never  remains  absolutely 
constant  for  the  2  hours  or  more  required.  These  atmospheric  changes  are  not  usually 
apparent  either  to  the  eye  or  to  the  computations.  They  cannot  be  allowed  for  or 
recognized,  because,  though  the  transparency  of  the  atmosphere  changes,  it  changes 
so  gradually  that  logarithmic  plots  of  e  as  a  function  of  m  may  appear  as  straight 
lines,  though  their  inclinations  are  too  steep  if  the  sky  is  insensibly  clearing,  and  too 
little  inclined  if  the  sky  is  insensibly  growing  more  hazy. 

On  the  other  hand,  the  short-method  a  curves,  being  based  on  great  numbers  of 
determinations  of  a  by  the  long  method,  made  on  the  most  favorable  days  over  a  period 
of  several  years,  are  apt  to  represent  mean  values,  corresponding  to  states  neither  of 
increasing*  nor  decreasing  clarity  of  the  atmosphere.  In  entering  these  a  curves  to 
find  the  appropriate  values  of  a  for  the  conditions  prevailing  at  the  moment,  there  is 
no  possibility  of  error  due  to  gradually  changing  transparency  of  the  atmosphere. 


Table  21. — Solar-constant  observing.  Montezuma,  August  14,  1937. 
Short  methods,  miscellaneous  data.  B  olograph  V 

Pyranometry 

 A. 


Air 

mass 

m 

p/psc 

Ppt. 

h3o 

Ppt.  HoO 
m  =  1  Obs. 

At 

mean 

O  dist. 

At 

M  =  2 

Normal 

Excess  Function 

Square 
of  mean 
O  dist. 

Pyrhe- 
liometer  * 

2.00 

.691 

0.51 

.25  .0063 

.0065 

.0065 

.0108 

-  .0043  A-31 

1.0258 

9942 

Total  band  areas 

b 

Short  method  a . 

6843 

6815  6675 

u  a 

5127 

5106  5001 

b  For  methods  here  used  the  U.V.  correction  is  computed  by  multiplying  the  sums  of  places  46  to  40  by  a  tabular  value.  This 
procedure  gives  closely  the  same  results  as  the  method  shown  in  table  19.  Three  methods  are  used  to  estimate  I.R.  H*0  bands: 
Through  p/psc  as  in  table  19,  through  <p/tpsc,  and  through  measured  area  of  ip.  The  differences  appear  above,  and  are  not  negligible 
sources  of  error.  Band  areas  are  proportionally  reduced  in  method  b,  because  ail  holograph  ordinates  are  reduced  to  the  standard  scale 
of  our  auxiliary  tables,  as  will  appear  in  table  22. 

For  the  observation  of  precipitable  water  occupies  only  about  3  minutes  and  that  of 
the  sky  brightness  is  made  instantly  by  the  pyranometer,  and  though  repeated  a  few 
times  during  an  interval  of  2  or  3  minutes  to  diminish  accidental  error  of  observation, 
the  change  of  brightness  in  so  small  a  time  is  insensible  on  any  favorable  day. 

d.  Many  days  not  fit  for  long  methods,  because  the  sky  becomes  cloudy  at  times, 
can  be  utilized  for  short  methods.  For  though  the  transparency  of  the  atmosphere 
may  be  different  in  successive  intervals  when  the  neighborhood  of  the  sun  is  clear, 
each  such  interval  stands  by  itself,  quite  independent  of  any  other,  and  will  frequently 
yield  as  good  a  solar-constant  value  as  if  the  entire  sky  were  cloudless  for  the 
whole  day. 

e.  Not  only  for  reasons  already  indicated  under  (b)  and  (c),  but  for  another 
very  important  one,  the  mean  of  the  short-method  values  of  the  solar  constant  for 
a  given  day  is  to  be  regarded  as  more  accurate  than  the  long-method  one.  Being  so 
much  more  numerous,  because  of  (a)  and  (d),  than  long-method  values,  we  are 
able  to  improve  the  short-method  results  by  statistical  corrections  with  much  more 
success  than  we  can  the  long-method  values. 

For  this  purpose  we  collect  all  the  short-method  solar-constant  values  of  several 
years,  and  separate  them  into  numerous  groups  of  similar  types  as  regards  function, 
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Table  22. — Solar-constant  observing.  Montezuma,  August  14,  1937. 
Short  methods,  reduction  of  measures.  Bolograph  V 

Older  short  method  a  Newer  short  method  b 


Place 

SS  “ 

l/o» 

Ro 

Rc2.0  b 

SS  ■ 

I(o-s)  6 

l/am 

O(o-s)  ® 

46 

122 

2.416 

295 

149 

91 

+  6 

+  14 

44 

138 

2.253 

311 

189 

104 

11 

25 

42 

251 

2.101 

527 

378 

189 

16 

34 

40 

237 

1.925 

456 

411 

178 

16 

31 

38 

389 

1.789 

696 

447 

291 

26 

47 

36 

619 

1.637 

1013 

790 

464 

37 

61 

34 

701 

1.539 

1079 

292 

523 

49 

75 

32 

944 

1.426 

1346 

425 

706 

58 

83 

30 

1286 

1.339 

1722 

615 

966 

81 

108 

28 

1617 

1.277 

2065 

829 

1210 

89 

114 

26 

1962 

1.240 

2433 

359 

1472 

115 

143 

24 

2161 

1.227 

2652 

434 

1623 

108 

133 

22 

2484 

1.182 

2936 

540 

1863 

110 

o 

130 

20 

3013 

1.107 

3335 

691 

2260 

150 

166 

19 

3294 

1.073 

3534 

766 

2467 

133 

Id 

n 

143 

18 

3460 

1.053 

3643 

820 

2591 

138 

g 

1-4 

145 

17 

3524 

1.045 

3683 

847 

2643 

127 

2 

133 

16 

3565 

1.034 

3686 

855 

2676 

117 

o 

121 

15 

3502 

1.028 

3600 

848 

2629 

97 

100 

14 

3337 

1.026 

3424 

822 

2499 

67 

.S 

69 

13 

3076 

1.023 

3147 

777 

2308 

59 

- - A 

60 

12 

2739 

1.025 

2807 

723 

2053 

47 

<i 

48 

11 

2418 

1.021 

2469 

668 

1817 

44 

45 

10 

2111 

1.020 

2153 

610 

1586 

36 

37 

9 

1807 

1.017 

1838 

551 

1355 

16 

16 

8 

1566 

1.015 

1589 

498 

1175 

17 

17 

7 

1339 

1.013 

1356 

440 

1003 

3 

3 

6 

1152 

1.011 

1165 

1174 

864 

-  1 

—  1 

5 

1084 

1.013 

1098 

1060 

791 

—  4 

-4 

4 

967 

1.011 

978 

948 

725 

-5 

-5 

2 

784 

1.013 

794 

719 

588 

-6 

—  6 

0 

569 

1.019 

580 

490 

426 

—  10 

-10 

—  2 

317 

1.034 

317 

269 

238 

—  1 

-  1 

-4 

161 

1.049 

169 

140 

121 

4 

_4 

Sums 

63,430 

46  to  40 

i  1,496 

1,124 

+  98  ° 

208 

38  to  20 

i  28,845 

36,887 

21,626 

1,571 

2,037 

19  to  —  4 

43,087 

44,379 

32,290 

846 

882 

U.V. 

628 

2,797 

472 

182 

LR. 

1,551 

1,753 

1,162 

35 

Total 

75,607 

88,994 

56,674 

66,744 

Less  "I 

68,764 

Ratios'! 

j  1.2942 

Less" 

]  51,547 

Ratios 

]  1.2954 

band  V 

68,792 

2o/Sr 

1 1.2937 

band 

151,568 

So/2! 

U.2949 

areas  J 

68,932 

J 

1.2910 

areas 

J  51,673 

J  1.2922 

Mean  solar  constant 

a 

1.944 

1.946 

Q  See  corresponding  footnote  to  table  18. 
b  Readings  of  table  18,  V,  reduced  to  air  mass  2.00. 

«  These  three  sums,  plus  partial  areas  of  the  standard  curve,  exactly  check  with  partial  areas  at  their  left. 
d  As  in  table  20,  the  pyrheliometer  constant,  statistical  corrections  and  square  of  solar  distance  are  taken 
account  of. 

•  These  columns  give  differences  between  observed  and  standard  spectral  forms  inside  and  outside  the 
atmosphere.  I(o-s)  is  multiplied  by  l/am  to  give  O(o-s). 
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precipitable  water,  and  air  mass.  Large  numbers  of  values  occupy  each  group,  and 
each  group  covers  an  interval  of  years,  as  we  have  said.  Now  it  is  obvious  that  except 
as  the  sun  itself  varies,  the  mean  solar  constant  for  every  group  should  be  identical. 
Even  the  variation  of  the  sun  itself  is  near  to  being  eliminated  in  the  mean  values 
over  a  period  of  several  years,  excepting  in  so  far  as  long-interval  periodicities  occur 
in  the  sun. 

Ignoring  except  as  a  trifling  amendment  the  influence  of  these  long  solar 
periodicities,  we  determine  the  average  corrections  per  group  to  eliminate  differences 
of  scale  between  the  groups.  Such  differences  may  arise  from  faulty  drawing  of  the 
function  and  a  curves,  or  faulty  drawing  of  the  band-area  curves,  and  in  various  other 
ways.  But  when  a  horizontal  correction  is  applied  to  a  whole  group  of  values,  covering 
an  interval  of  several  years,  it  leaves  the  locally  timed  fluctuations  due  to  solar  varia¬ 
tion  unchanged,  but  eliminates  spurious  apparent  solar  fluctuations  caused  by  the 
location  of  the  solar  constant  for  one  day  in  group  x,  the  next  day  in  group  y,  and 
the  third  day  in  group  z. 

Having  applied  these  statistical  corrections  determined  on  the  assumption  that 
the  summation  of  solar  changes  within  a  group  covering  several  years  is  zero,  and 
having  assembled  and  plotted  day  after  day  and  month  after  month  the  short-method 
solar-constant  values  of  several  (thus  far)  wholly  independent  observing  stations, 
we  easily  recognized  that  the  stations  gave  a  common  testimony  as  to  certain  principal 
variations  of  the  sun.  So  we  smoothed  the  curves,  and  found  the  mean  testimony  of 
the  several  stations  as  to  principal  solar  variations.  With  this  new  evidence,  we 
regrouped  the  original  observations  as  before,  except  that  they  were  first  corrected 
for  the  now  somewhat  known  variation  of  the  sun.  Repeating  the  statistical  work, 
new  improved  corrections  for  the  several  groups  were  determined.  But  these  differed 
almost  insensibly  from  the  previously  determined  ones. 

To  show  this,  we  give  in  table  23  the  original  and  amended  corrections  for  the 
group  A  at  St.  Katherine  from  1933  to  1937.  We  have  preferred  to  use  the  amended 
corrections  as  final  and  they  are  in  the  solar-constant  values  given  in  table  23. 


Table  23. — Statistical  corrections  to  solar-constant  values 

St.  Katherine.  Group  A  (in  part) 

Units  are  1/1000  calorie 

Ppt.  water 


5  10  15  20  25 


Function 

Old 

New 

Old 

New 

Old 

New 

Old 

New 

Old 

New 

-60 

-  16 

—  19 

-13 

-  16 

-  10 

-  10 

-6 

—  8 

—  4 

-6 

—  40 

-  14 

-  16 

—  11 

—  13 

-8 

-  10 

—  4 

-  7 

—  2 

-4 

-20 

-  13 

-  12 

—  9 

—  11 

-6 

—  5 

-2 

-5 

-  1 

0 

—  10 

-  12 

-  11 

—  8 

—  10 

-4 

—  1 

—  2 

-4 

-1 

-  1 

0 

-  11 

-  11 

-7 

-  10 

-3 

+  1 

-  1 

-4 

0 

-2 

10 

-  10 

-9 

-8 

—  9 

-3 

-3 

0 

-2 

0 

—  2 

30 

-9 

-5 

—  8 

-7 

-4 

-5 

0 

-3 

+  1 

-4 

80 

-9 

-5 

-8 

-4 

-5 

-7 

—  1 

-5 

0 

-5 

120 

-9 

-6 

—  8 

-7 

-7 

—  10 

-4 

-5 

-2 

-5 

200 

-  10 

-  10 

-9 

—  10 

-9 

-12 

—  8 

-6 

—  6 

-6 

400 

-13 

-  14 

—  14 

-  15 

-13 

—  15 

-  10 

-7 

-7 

-7 

■ 


■ 


■ 

. 
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Chapter  5 


REVISED  RESULTS  OF  SOLAR-CONSTANT  OBSERVING,  1923  to  1939 

We  are  now  to  give  in  table  24  daily  values  of  the  solar  constant  as  observed 
at  the  three  stations:  Montezuma,  Chile;  Mount  St.  Katherine,  Egypt;  Table  Moun¬ 
tain,  Calif.  This  table  includes  the  years  1923  to  1939,  as  revised  and  corrected.  These 
results  are  to  replace  all  former  publications  of  them.  We  do  not  include  observations 
made  at  Mount  Harqua  Hala,  Ariz.,  or  Mount  Brukkaros,  South-West  Africa.  It 
is  possible  that  on  some  future  occasion  the  entire  work  at  Mount  Harqua  Hala, 
1920-1925,  may  be  revised,  but  we  do  not  intend  to  revise  the  work  at  Mount 
Brukkaros.  Respecting  it  readers  are  referred  to  volume  5  of  these  Annals.  The 
meteorological  conditions  at  that  station  proved  too  disappointing  for  accurate  results.1 

The  headings  of  table  24  are  abbreviated  and  require  explanation,  and  a  word 
is  to  be  said  regarding  the  plan  of  the  table.  In  former  publications  we  have  given 
long-method  values,  short-method  values,  and  results  of  different  stations,  each  in  a 
table  by  itself.  Here,  to  save  space,  and  also  to  make  comparisons  as  to  accuracy 
easier  for  interested  readers,  we  have  collected  all  the  results  of  every  station  and 
method  for  a  given  day  into  one  group.  There  are  sometimes  as  many  as  12  successive 
lines  devoted  to  9ne  single  day.  Also  to  save  space  we  have  omitted  from  the  table 
all  days  when  no  observations  were  made.  Thus  juxtaposed  dates  may  be  found  with 
several  intermediate  calendar  days  omitted.  Opposite  each  date  we  give  in  a  final 
column  our  best  estimate  of  the  probable  solar-constant  value  for  the  day.  Being 
based  on  all  information,  it  is  not  a  simple  mean  value,  but  takes  account  of  the 
worthlessness  of  improbably  wild  values  such  as  would  be  obviously  indicated  if  the 
results  were  plotted.  We  give  “preferred”  values  resulting  from  using  what  are 
believed  to  be  the  most  reasonable  weights,  and  also  on  some  days  “improved  pre¬ 
ferred”  values  to  be  explained  below.  Readers  who  object  to  such  freedom  may  ignore 
these  estimates  of  ours  found  in  the  last  column,  if  they  are  so  disposed,  and  form 
their  own  conclusions  from  the  individual  results  of  the  stations.  We  may  remark, 
however,  that  Dr.  Arctowski’s  weather  studies  indicate  a  surprisingly  high  value 
for  table  46  of  volume  5  of  these  Annals,  which  was  prepared  on  similar  principles, 
but  for  which  no  such  painstaking  examination  of  the  observed  data  had  been  made. 

Nevertheless,  it  may  be  better  for  those  who  wish  to  use  consecutive  daily  solar- 
constant  values  for  studies  of  correlation  with  weather,  or  other  phenomena,  to  limit, 
if  possible,  each  individual  comparison  to  solar-constant  sequences  taken  from  the 
results  of  one  station  only.  For  the  percentage  variations  of  the  sun’s  emission  of 
radiation  are  small  and  lie  near  the  amplitude  of  the  accidental  errors  of  observation. 
Hence  the  combination  of  results  from  two  or  more  stations  to  give  mean  daily  values 
may  obscure  real  sequences  of  rise  and  fall,  through  the  admixture  with  the  solar 

1  Though  favorably  cloudless,  high  winds  frequently  carried  dust  over  the  station,  which  made  applications  of 
both  long  and  short  methods  erroneous. 
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variation  of  slight  systematic  differences  between  the  stations.  The  better  way  in 
such  studies  of  correlations  is  to  take  such  sequences  as  are  presented  by  the  best 
station,  Montezuma,  by  themselves,  then  compare  them  with  sequences  presented  by 
each  of  the  other  stations  alone,  and  to  regard  as  of  highest  weight  those  sequences 
of  variation  which  are  supported  by  more  than  one  station.  Of  next  highest  weight 
will  be  those  presented  alone  by  Montezuma ;  ranking  next  are  those  of  St.  Katherine ; 
and  finally  those  of  Table  Mountain.  Some  readers  may  regret  that  we  have  not 
included  in  the  table  daily  mean  values  from  each  station  independently.  We  should 
have  wished  to  do  so,  but  the  table  is  already  so  extensive  that  we  found  it  too  burden¬ 
some  to  enlarge  it  further.  We  felt  that  for  the  few  readers  who  might  need  the 
individual  means  it  was  not  too  much  to  require  that  they  compute  them  for  themselves. 

We  regret  that  despite  the  great  pains  taken  for  accuracy  our  work  is  not  a 
little  more  accurate.  If  the  variable  parts  of  the  combined  systematic  and  accidental 
errors  of  single  solar-constant  values  could  have  been  reduced  to  o.i  percent,  we  feel 
that  the  reality  of  solar  variation  would  have  stood  out  with  complete  conviction  to 
all  unprejudiced  readers. 

We  now  explain  the  headings  of  table  24.  The  date  is  given  by  month,  day,  and 
Greenwich  hour  numbers,  separated  by  single  spaces.  Thus  8  o’clock,  June  30, 
becomes  6  30  8.  Succeeding  columns  are  separated  by  double  spaces.  Under  the 
heading  “Station”  are  letters  M,  Iv,  and  T,  which  refer  to  observations  of  Monte¬ 
zuma,  St.  Katherine,  and  Table  Mountain,  respectively.  The  “Air  mass”  (M)  is 
given  for  the  instant  when  the  holograph  was  being  observed  at  spectrum  place  20. 
Then  follows  the  precipitable  water,  “H20,”  expressed  in  units  of  1/100  centimeter. 
We  then  give  the  “Function”  (F),  computed  from  precipitable  water,  and  pyra- 
nometry  as  heretofore  explained  in  chapter  4.  From  May  1932  letters  A,  B,  C,  D, 
are  prefixed  to  function  values  where  required  to  designate  the  groups  used, 
as  explained  on  pages  68-70.  Corresponding  to  the  air  mass  are  given  the 
calories  per  square  centimeter  per  minute  in  solar  and  sky  radiation,  indi¬ 
cated  by  the  pyrheliometer  (“Pyrh.”)  and  the  pyranometer  (“Pyrn.”).  But  to  avoid 
using  decimal  points  and  zeros  in  these  last  three  columns,  the  air  mass  is  to  be  under¬ 
stood  as  expressed  in  units  of  1/100,  the  pyrheliometry  in  units  of  1/1,000  calorie,2 
and  the  pyranometry  in  units  of  1/10,000  calorie.  Next  follows  the  solar 
constant,  “S.C.,”  as  observed  at  the  given  station  and  stated  air  mass.  This,  being 
the  principal  quantity,  is  printed  in  bold-faced  type.  The  reader  is  to  assume  that 
the  numbers  printed  here,  and  also  in  the  final  bold-faced  column,  headed  “Pfd.  S.C.,” 
where  is  found  our  best  estimate  of  the  solar  constant  for  the  day,  are  prefixed  by 
the  numbers  1.9,  so  that  for  44  read  1.944.  These  values,  as  thus  interpreted,  are 
given  in  calories  per  square  centimeter  per  minute.  The  next  to  last  column,  headed 
“Grade,”  gives  the  grades  we  have  assigned  to  the  determinations  at  the  stations 
M,  K,  T.  To  save  space  and  inconvenience  we  have  changed  our  designation,  formerly 
E,  E-,  G,  G-,  and  U,  to  a,  b,  c,  d,  p,  respectively.  These  designations  mean,  respec¬ 
tively  :  a,  excellent,  highest  weight ;  b,  excellent  but  less  weighty ;  c,  good,  of  fair  value ; 
d,  good  but  less  weighty;  p,  unsatisfactory,  of  small  weight. 


2  The  numbers  given  under  “Pyrh.”  are  to  be  understood  as  prefixed  by  i,  all  values  being  in  excess  of  x  calorie. 
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Table  24. — Determinations  of  the  solar  constant  of  radiation,  1923  to  1939 
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Table  24. — Determinations  of  the  solar  constant  of  radiation,  1923  to  1939 — Continued 
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Table  24. — Determinations  of  the  solar  constant  of  radiation,  1923  to  1939 — Continued 
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Table  24. — Determinations  of  the  solar  constant  of  radiation,  1923  to  1939 — Continued 
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M 

220 

11 

321 

521 

118 

52 

13 

200 

10 

315 

541 

113 

42 

(49 

15 

150 

10 

349 

614 

107 

56 

c 

(50 

13  13 

M 

220 

26 

419 

473 

120 

43 

14 

200 

27 

421 

502 

115 

45 

(41 

15 

150 

28 

440 

572 

105 

49 

c 

(46 

14  13 

M 

220 

48 

480 

447 

120 

49 

14 

200 

46 

499 

476 

120 

52 

(41 

15 

150 

38 

570 

530 

112 

49 

c 

(50 

16  13 

M 

220 

49 

555 

436 

139 

50 

14 

200 

44 

533 

473 

128 

49 

(42 

14 

180 

47 

593 

497 

134 

57 

d 

(52 

18  13 

M 

220 

36 

432 

469 

117 

52 

14 

200 

35 

435 

497 

114 

49 

(41 

15 

150 

37 

455 

560 

101 

49 

c 

(50 

19  13 

M 

220 

49 

483 

452 

121 

60 

14 

180 

50 

486 

503 

110 

53 

(37 

15 

150 

47 

485 

548 

101 

50 

c 

(54 

20  13 

M 

220 

44 

455 

459 

116 

61 

14 

200 

45 

457 

482 

111 

55 

(40 

15 

150 

41 

448 

564 

97 

56 

b 

(57 

21  13 

M 

220 

74 

521 

432 

119 

56 

14 

200 

73 

526 

476 

115 

58 

(39 

15 

150 

77 

593 

512 

108 

45 

b 

(53 

22  13 

M 

249 

80 

541 

386 

129 

57 

14 

200 

83 

544 

448 

116 

53 

(38 

15 

150 

74 

570 

517 

106 

44 

b 

(51 

42 

23  13 

M 

220 

28 

389 

481 

110 

48 

14 

200 

26 

384 

505 

108 

46 

(38 

15 

150 

21 

332 

587 

99 

45 

a 

(46 

24  13 

M 

220 

29 

450 

472 

126 

48 

14 

200 

31 

454 

501 

122 

53 

(41 

15 

150 

27 

440 

574 

106 

49 

b 

(so 

-O 

OJ 

G.M.T. 

c 

0 

nj 

ro 

0 

c 

0 

c 

-C 

c 

O 

<u 

*0 

CO 

0 

vi 

-d 

Q 

tn 

< 

zz 

LL 

CL 

X 

i/i 

0 

CL 

1928 

26 

13 

M 

220 

9 

301 

524 

115 

41 

14 

200 

9 

292 

551 

110 

45 

[39 

15 

150 

7 

291 

623 

99 

47 

C 

{44 

27 

13 

M 

220 

22 

392 

481 

117 

37 

14 

200 

20 

383 

513 

113 

40 

14 

180 

21 

399 

549 

112 

53 

d 

43 

23 

13 

M 

220 

29 

413 

474 

115 

45 

14 

200 

31 

419 

504 

113 

53 

(37 

15 

150 

31 

451 

566 

104 

49 

c 

{49 

29 

13 

M 

220 

46 

455 

451 

115 

40 

14 

200 

46 

463 

474 

112 

38 

(43 

15 

150 

40 

479 

550 

103 

41 

c 

{40 

30 

13 

M 

249 

55 

490 

401 

127 

40 

14 

200 

53 

509 

461 

118 

41 

d 

32 

15 

T 

250 

50 

32 

386 

229 

61 

15 

220 

46 

32 

432 

219 

57 

(43 

16 

150 

43 

34 

544 

200 

59 

P 

{49 

31 

15 

T 

194 

29 

29 

493 

210 

52 

16 

161 

33 

31 

543 

200 

58 

(43 

16 

150 

32 

29 

559 

191 

58 

P 

(56 

6  1 

15 

T 

220 

46 

36 

423 

235 

68 

15 

200 

47 

34 

454 

221 

56 

(41 

16 

180 

46 

34 

484 

214 

58 

P 

{61 

2 

13 

M 

220 

40 

493 

450 

127 

43 

14 

200 

39 

492 

479 

122 

40 

C47 

15 

150 

41 

484 

553 

106 

46 

c 

{43 

3 

15 

M 

160 

26 

439 

558 

104 

53 

15 

155 

28 

425 

562 

102 

42 

(49 

15 

150 

26 

432 

570 

103 

43 

c 

(46 

4 

13 

M 

220 

19 

346 

498 

108 

48 

14 

200 

19 

353 

518 

107 

39 

15 

150 

19 

365 

596 

97 

49 

d 

45 

5 

13 

M 

220 

15 

321 

505 

107 

41 

14 

200 

15 

325 

535 

105 

52 

(40 

15 

150 

14 

336 

611 

97 

55 

c 

(49 

6 

13 

M 

220 

10 

293 

528 

110 

57 

14 

200 

10 

299 

551 

108 

44 

14 

180 

10 

305 

572 

104 

48 

c 

15 

T 

250 

78 

79 

288 

310 

41 

15 

200 

76 

74 

373 

274 

38 

(39 

16 

150 

77 

81 

459 

249 

44 

p 

(46 

7 

13 

M 

220 

19 

345 

507 

109 

58 

14 

200 

19 

345 

530 

105 

54 

15 

150 

18 

368 

596 

97 

50 

c 

15 

T 

250 

34 

18 

427 

183 

53 

15 

220 

35 

20 

461 

182 

53 

(43 

15 

200 

37 

20 

489 

177 

48 

c 

(53 

8 

14 

M 

220 

9 

289 

531 

110 

55 

14 

200 

9 

288 

556 

106 

51 

(37 

15 

150 

9 

304 

617 

98 

43 

b 

(SO 

9 

13 

M 

249 

17 

355 

461 

120 

42 

14 

200 

17 

357 

525 

111 

48 

(37 

15 

150 

15 

373 

590 

103 

39 

c 

(43 

31 

10 

14 

M 

220 

23 

385 

488 

116 

52 

14 

200 

23 

403 

510 

116 

42 

(42 

15 

170 

23 

411 

548 

108 

41 

p 

(45 

11 

15 

T 

250 

58 

65 

332 

305 

61 

15 

200 

50 

57 

433 

271 

69 

(52 

16 

150 

44 

34 

534 

197 

45 

p 

(58 

12 

14 

M 

220 

52 

557 

427 

135 

39 

14 

200 

53 

555 

456 

130 

38 

15 

150 

48 

540 

539 

111 

38 

c 

15 

T 

250 

75 

68 

318 

292 

67 

15 

200 

72 

67 

399 

265 

63 

16 

150 

68 

66 

488 

238 

58 

p 

48 

13 

15 

M 

170 

51 

550 

508 

119 

48 

15 

160 

47 

540 

524 

115 

42 

15 

150 

51 

556 

543 

113 

52 

c 

15 

T 

250 

40 

36 

383 

255 

57 

15 

200 

38 

39 

455 

239 

54 

16 

150 

38 

40 

538 

219 

58 

p 

50 

14 

15 

T 

250 

32 

34 

404 

241 

60 

15 

200 

39 

32 

469 

217 

60 

16 

150 

47 

34 

533 

199 

56 

d 

59 

15 

15 

T 

250 

61 

20 

405 

180 

60 

15 

200 

57 

21 

467 

175 

57 

16 

150 

55 

23 

538 

171 

48 

d 

55 

16 

15 

T 

250 

20 

29 

440 

230 

64 

15 

200 

21 

28 

495 

209 

45 

16 

150 

21 

32 

571 

198 

53 

P 

54 

Date  and 

G.M.T. 

Station 

Air  Mass 

0 

X* 

Function 

-d 

>. 

CL 

Pyrn. 

S.C. 

Grade 

Pfd.  S.C.“ 

1928 

17  14 

M 

192 

65 

504 

474 

110 

55 

15 

170 

62 

507 

504 

105 

45 

15 

160 

60 

503 

519 

102 

42 

d 

15 

T 

250 

47 

28 

393 

214 

57 

15 

200 

47 

28 

466 

201 

59 

16 

150 

50 

33 

530 

194 

54 

c 

52 

19  14 

M 

220 

7 

268 

545 

108 

61 

14 

200 

8 

267 

568 

105 

59 

(45 

15 

150 

7 

273 

632 

96 

55 

d 

(58 

21  15 

T 

250 

35 

22 

419 

193 

54 

15 

200 

36 

23 

483 

184 

50 

(53 

16 

150 

40 

25 

548 

176 

42 

c 

(49 

22  14 

M 

200 

43 

447 

493 

109 

61 

14 

180 

40 

439 

518 

104 

52 

15 

166 

43 

465 

535 

104 

56 

d 

15 

T 

249 

25 

22 

436 

202 

50 

15 

200 

24 

20 

509 

188 

47 

(48 

16 

150 

27 

22 

572 

182 

48 

b 

(51 

63 

23  14 

M 

220 

35 

408 

467 

109 

45 

14 

200 

35 

417 

496 

107 

39 

14 

180 

35 

414 

522 

102 

44 

c 

15 

T 

220 

81 

19 

424 

172 

53 

15 

200 

86 

17 

456 

165 

55 

(49 

16 

150 

84 

19 

521 

159 

47 

c 

(46 

24  15 

T 

250 

107 

12 

366 

168 

51 

15 

200 

104 

12 

429 

160 

38 

16 

180 

100 

14 

453 

161 

37 

d 

42 

26  15 

T 

200 

21 

18 

509 

175 

41 

16 

150 

23 

20 

586 

171 

55 

d 

48 

27  15 

T 

251 

34 

16 

425 

173 

35 

15 

200 

36 

16 

495 

166 

46 

16 

150 

39 

17 

561 

164 

41 

c 

41 

43 

28  15 

M 

158 

13 

344 

584 

.  100 

40 

15 

154 

12 

346 

592 

101 

38 

15 

150 

12 

339 

601 

99 

40 

d 

15 

T 

250 

35 

14 

435 

168 

55 

15 

200 

37 

15 

496 

163 

52 

[ 41 

16 

150 

38 

18 

560 

161 

45 

d 

(45 

29  15 

T 

250 

19 

19 

442 

200 

46 

15 

200 

19 

19 

503 

186 

34 

(46 

16 

150 

21 

21 

578 

178 

47 

c 

(42 

30  15 

T 

250 

29 

19 

422 

181 

37 

15 

200 

31 

23 

487 

184 

45 

16 

150 

31 

24 

563 

176 

50 

d 

44 

1  14 

M 

220 

19 

350 

497 

110 

45 

14 

200 

20 

348 

516 

104 

44 

15 

170 

18 

368 

567 

102 

47 

b 

15 

T 

250 

14 

19 

463 

193 

41 

15 

200 

13 

19 

521 

187 

34 

(44 

16 

150 

21 

22 

557 

182 

31 

d 

(41 

2  14 

M 

220 

12 

297 

521 

106 

51 

14 

200 

11 

300 

548 

103 

49 

15 

150 

12 

316 

605 

95 

42 

c 

15 

T 

250 

21 

17 

449 

181 

47 

15 

200 

23 

17 

512 

174 

47 

(46 

16 

150 

25 

20 

578 

167 

SO 

b 

(48 

3  13 

M 

249 

11 

292 

490 

115 

51 

14 

201 

10 

296 

547 

107 

50 

15 

150 

9 

301 

617 

96 

47 

b 

52 

15 

T 

250 

90 

14 

373 

163 

51 

15 

200 

81 

16 

447 

160 

39 

16 

150 

72 

19 

524 

156 

44 

c 

48 

4  14 

M 

200 

11 

359 

533 

124 

54 

14 

180 

10 

350 

561 

114 

46 

d 

15 

T 

220 

70 

16 

432 

159 

44 

15 

200 

68 

17 

462 

158 

47 

16 

180 

68 

17 

484 

158 

37 

d 

46 

5  13 

M 

250 

17 

369 

455 

125 

38 

14 

220 

17 

354 

490 

114 

35 

14 

200 

17 

357 

519 

111 

39 

c 

15 

T 

250 

62 

14 

406 

160 

52 

15 

200 

51 

15 

474 

158 

46 

16 

150 

44 

17 

559 

158 

43 

c 

42 

6  13 

M 

220 

18 

349 

591 

112 

35 

14 

200 

17 

347 

524 

109 

44 

14 

150 

15 

353 

598 

97 

45 

c 

41 

7  13 

M 

220 

14 

310 

511 

106 

44 

14 

200 

14 

312 

540 

103 

49 

15 

150 

13 

321 

612 

94 

55 

c 

15 

T 

250 

76 

21 

380 

185 

58 

15 

200 

74 

23 

442 

182 

50 

(49 

16 

150 

85 

40 

497 

191 

63 

d 

(52 
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T3  . 

V) 

c 

a 

•O 

VI 

ro  h 

c 

ss 

cj 

O 

c 

TO 

0  2 

0 

2 

tj 

n 

as 

"0 

C/> 

ro 

a> 

0 

2 

ra  0 

0 

c 

3 

>% 

*_ 

>1 

O 

2 

■a 

RJ 

6 

nj 

.L 

O 

O 

tn 

< 

x" 

LL 

CL 

a. 

CO 

ID 

ix 

O 

5! 

< 

nT 

1928 

1928 

8  14 

M 

220 

16 

322 

505 

106 

47 

4 

17 

M 

130 

71 

14 

200 

16 

325 

524 

103 

38 

17 

131 

71 

15 

150 

15 

343 

595 

95 

42 

b 

17 

132 

69 

15 

T 

250 

71 

36 

353 

230 

49 

15 

T 

250 

21 

15 

200 

68 

34 

422 

208 

35 

16 

200 

22 

16 

150 

81 

49 

483 

212 

39 

d 

42 

17 

150 

25 

9  14 

M 

220 

14 

322 

510 

112 

45 

5 

13 

M 

220 

57 

14 

200 

14 

329 

533 

110 

46 

13 

200 

60 

15 

150 

12 

323 

609 

95 

47 

a 

14 

169 

58 

15 

T 

250 

52 

15 

407 

161 

51 

15 

T 

250 

34 

15 

200 

52 

15 

473 

157 

51 

16 

200 

37 

16 

150 

52 

17 

542 

156 

46 

b 

47 

17 

150 

41 

10  14 

M 

220 

36 

598 

442 

159 

47 

6 

13 

M 

248 

24 

14 

200 

37 

604 

466 

152 

42 

13 

199 

21 

15 

170 

36 

609 

504 

140 

32 

c 

15 

150 

21 

15 

T 

250 

41 

30 

382 

226 

42 

15 

200 

41 

30 

450 

210 

38 

15 

T 

220 

50 

16 

150 

44 

32 

528 

193 

41 

b 

40 

16 

200 

51 

26 

17 

150 

59 

11  14 

M 

220 

42 

542 

446 

140 

48 

7 

13 

M 

220 

17 

14 

200 

36 

497 

477 

126 

37 

13 

200 

16 

15 

150 

29 

488 

557 

113 

34 

d 

40 

15 

150 

13 

14  14 

M 

180 

15 

370 

555 

112 

47 

15 

T 

250 

45 

15 

160 

14 

378 

577 

111 

40 

16 

201 

47 

15 

150 

12 

353 

600 

104 

43 

c 

43 

17 

150 

58 

16  14 

M 

220 

8 

293 

521 

118 

34 

10 

15 

M 

150 

68 

14 

200 

9 

311 

542 

115 

39 

15 

142 

68 

15 

150 

12 

323 

604 

96 

42 

d 

38 

15 

138 

67 

18  14 

M 

190 

95 

713 

428 

141 

44 

13 

13 

M 

220 

11 

14 

180 

94 

727 

446 

139 

48 

13 

200 

12 

14 

170 

95 

736 

461 

140 

45 

c 

14 

150 

9 

15 

T 

200 

26 

29 

481 

213 

45 

14 

13 

M 

248 

4 

16 

150 

26 

36 

545 

214 

51 

13 

199 

3 

17 

140 

31 

38 

560 

210 

51 

c 

47 

14 

150 

3 

19  13 

M 

220 

30 

431 

475 

122 

48 

14 

200 

27 

431 

502 

119 

45 

16 

13 

M 

220 

8 

15 

150 

22 

410 

590 

104 

56 

d 

13 

180 

9 

15 

T 

250 

26 

19 

429 

186 

43 

14 

150 

11 

15 

200 

27 

21 

496 

181 

47 

15 

T 

250 

122 

16 

150 

24 

20 

578 

168 

48 

b 

48 

16 

200 

128 

51 

17 

150 

129 

20  13 

M 

220 

16 

357 

498 

118 

40 

17 

13 

M 

200 

11 

14 

200 

15 

356 

528 

114 

44 

13 

180 

12 

15 

150 

15 

362 

600 

102 

48 

c 

14 

150 

11 

15 

T 

250 

22 

23 

421 

214 

34 

15 

T 

250 

78 

15 

200 

22 

23 

495 

198 

41 

(43 

16 

200 

76 

16 

150 

23 

23 

554 

182 

27 

d 

(40 

17 

150 

103 

21  13 

M 

220 

10 

300 

517 

112 

37 

18 

13 

M 

220 

9 

14 

200 

9 

302 

544 

109 

39 

13 

200 

9 

15 

150 

8 

289 

619 

96 

44 

c 

14 

150 

7 

15 

T 

250 

75 

16 

381 

162 

41 

19 

13 

M 

220 

25 

15 

200 

79 

15 

451 

158 

46 

13 

200 

24 

16 

150 

81 

19 

509 

162 

36 

b 

40 

14 

150 

24 

22  15 

T 

250 

91 

21 

353 

192 

47 

15 

T 

250 

76 

15 

200 

91 

23 

416 

186 

43 

(43 

16 

200 

67 

16 

150 

101 

36 

477 

194 

52 

d 

(47 

16 

186 

69 

23  15 

T 

249 

61 

18 

385 

173 

36 

20 

13 

M 

249 

25 

15 

200 

57 

18 

454 

167 

35 

13 

200 

26 

16 

150 

64 

20 

527 

164 

43 

c 

38 

14 

150 

27 

52 

25  13 

M 

248 

18 

359 

455 

119 

32 

21 

13 

M 

220 

22 

14 

199 

18 

365 

522 

111 

45 

13 

200 

25 

15 

150 

21 

377 

588 

96 

46 

c 

41 

14 

150 

26 

26  15 

M 

159 

6 

270 

617 

99 

53 

51 

22 

13 

M 

220 

36 

15 

154 

7 

264 

621 

95 

43 

13 

200 

35 

15 

150 

6 

264 

627 

94 

49 

d 

48 

14 

170 

32 

28  14 

M 

170 

17 

376 

565 

106 

47 

23 

13 

M 

220 

16 

15 

159 

15 

365 

580 

103 

37 

13 

200 

16 

15 

150 

14 

361 

591 

99 

38 

c 

41 

14 

150 

15 

29  15 

M 

150 

18 

358 

588 

94 

39 

24 

13 

M 

220 

22 

15 

145 

19 

356 

596 

94 

36 

13 

200 

21 

15 

141 

21 

369 

601 

94 

38 

c 

38 

14 

150 

18 

30  13 

M 

220 

14 

321 

504 

109 

40 

25 

13 

M 

220 

22 

14 

200 

13 

317 

531 

104 

39 

13 

200 

21 

14 

170 

13 

337 

572 

102 

40 

b 

40 

14 

150 

20 

1  15 

T 

251 

73 

21 
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Table  24. — Determinations  of  the  solar  constant  of  radiation,  1923  to  1039 — Continued 
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Table  24. — Determinations  of  the  solar  constant  of  radiation,  1923  to  1939— Continued 
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150 

31 

820 

546 

185 

53 

c 

49 

14 

150 

44 

2  13 

M 

220 

26 

617 

455 

178 

43 

16 

T 

220 

48 

14 

200 

25 

602 

485 

168 

44 

16 

200 

47 

15 

150 

24 

604 

569 

147 

56 

c 

48 

16 

180 

53 

10  13 

M 

250 

27 

425 

437 

129 

43 

2 

13 

M 

220 

40 

13 

220 

28 

437 

475 

125 

44 

13 

200 

40 

14 

200 

29 

431 

502 

118 

47 

c 

45 

14 

150 

44 

11  13 

M 

250 

10 

324 

487 

129 

47 

3 

13 

M 

220 

34 

13 

200 

10 

343 

543 

124 

50 

(45 

13 

200 

34 

15 

150 

14 

380 

606 

111 

55 

b 

(51 

14 

150 

29 

52 

4 

13 

M 

220 

31 

14  15 

T 

250 

118 

79 

263 

300 

47 

13 

200 

31 

16 

200 

121 

84 

337 

278 

48 

(39 

14 

150 

30 

17 

150 

126 

76 

431 

248 

47 

d 

(47 

15 

T 

250 

107 

15  13 

M 

220 

62 

684 

421 

161 

59 

16 

200 

106 

13 

200 

59 

678 

447 

153 

51 

(48 

17 

150 

107 

14 

180 

61 

676 

476 

143 

49 

d 

(53 

5 

13 

M 

249 

24 

16  13 

M 

250 

48 

510 

403 

136 

46 

13 

200 

21 

13 

200 

49 

534 

469 

127 

49 

d 

14 

150 

21 

44 

15 

T 

249 

30 

24 

426 

207 

61 

15 

T 

251 

116 

16 

200 

29 

24 

491 

196 

54 

(48 

16 

200 

111 

17 

150 

33 

27 

555 

188 

50 

d 

I51 

17 

150 

113 

40 

6 

13 

M 

220 

25 

17  13 

M 

220 

40 

512 

452 

132 

48 

13 

200 

23 

13 

200 

40 

508 

485 

127 

50 

14 

150 

24 

14 

180 

39 

502 

509 

120 

44 

d 

47 

15 

T 

250 

123 

18  15 

T 

252 

36 

25 

410 

206 

59 

16 

200 

121 

16 

200 

38 

26 

476 

193 

55 

(49 

17 

150 

131 

17 

150 

37 

27 

552 

183 

50 

c 

(55 

7 

13 

M 

220 

41 

20  15 

T 

250 

40 

26 

407 

208 

58 

13 

200 

42 

16 

200 

43 

26 

471 

191 

60 

(51 

14 

150 

36 

17 

150 

49 

28 

537 

179 

53 

d 

(57 

16 

T 

220 

23 

21  13 

M 

249 

11 

333 

480 

131 

42 

16 

200 

25 

13 

199 

10 

329 

545 

121 

43 

17 

150 

22 

14 

149 

9 

346 

614 

111 

47 

b 

44 

8 

13 

M 

220 

23 

35 

13 

200 

22 

22  13 

M 

220 

16 

371 

500 

125 

47 

14 

150 

21 

13 

200 

15 

371 

529 

121 

47 

15 

T 

250 

88 

14 

150 

14 

376 

603 

108 

53 

b 

49 

16 

200 

82 

23  13 

M 

220 

10 

330 

517 

124 

46 

17 

150 

77 

13 

200 

10 

325 

546 

118 

48 

15 

140 

9 

329 

628 

103 

44 

b 

46 

9 

13 

M 

220 

39 

24  13 

M 

220 

9 

311 

521 

122 

45 

13 

200 

40 

13 

200 

9 

314 

546 

118 

42 

(49 

14 

150 

37 

14 

150 

9 

329 

625 

108 

51 

c 

(46 

15 

T 

250 

50 

25  13 

M 

220 

17 

453 

488 

146 

46 

16 
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50 

13 
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17 
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520 
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56 

17 
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52 

14 
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17 
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51 

c 

51 

10 

12 

M 

249 
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M 
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15 
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471 
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47 

13 
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41 

13 
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16 
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536 

118 

57 

14 
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39 

14 
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13 

357 

613 

105 

54 

c 

15 

T 

250 

36 

52 

16 

200 

35 

15 

T 

250 

109 

17 

350 

192 

51 

17 

150 

23 

16 

200 

105 

19 

420 

183 

57 

(50 

11 

15 

T 

251 

28 

17 

150 

114 

17 

495 
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50 

d 

(53 

16 
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34 

84 

17 
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33 
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51 
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150 

53 
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519 

132 
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221 

33 

9 
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M 
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40 
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37 

210 
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38 

522 

474 

132 

36 
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d 
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35 

509 
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33 
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464 
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31 
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114 

45 

c 

210 

45 

(48 

16 

T 

250 

32 

25 

408 

215 

46 

(46 

199 

57 

d 

(42 

17 

200 

35 

27 

473 

204 

48 

c 

(48 

253 

49 

46 

240 

39 

12 

15 

M 

108 

43 

763 

603 

143 

44 

(48 

214 

49 

d 

46 

15 

107 

42 

751 

607 

143 

45 

d 

I43 

constant 

r : 

o 

H  -E 

3  >, 

u.  x 

550  438 
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23  431 
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690  448 

25  367 

28  440 

27  517 

502  446 

501  469 

509  546 

611  427 

627  453 

654  531 

24  387 

25  461 

28  544 

491  419 

490  432 

478  563 

25  404 

25  481 

25  548 

454  460 

464  486 

485  556 

28  438 

28  465 

29  474 

449  458 

457  489 

480  557 

483  464 

473  491 

442  570 

455  467 

457  500 

475  566 

28  334 

26  404 

30  480 

430  448 

423  514 

436  582 

18  342 

22  415 

26  480 

442  475 

439  504 

454  577 

14  345 

15  416 

13  490 

676  434 

675  461 

624  546 

25  460 

27  492 

28  566 

513  469 

500  502 

468  580 

25  373 

26  445 

27  515 

850  410 

854  437 

794  529 

22  403 

24  463 

26  536 

856  365 

866  437 

811  525 

27  398 

29  467 

33  563 

37  391 

38  449 

38  535 
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Table  24. — Determinations  of  the  solar 


Date  and 
G.M.T. 

Station 

Air  Mass 

0 

X 

Function 

JZ 

>. 

CL 

Pyrn. 

s.c. 

Grade 

Pfd.  S.C.“ 

Date  and 
G.M.T. 

Station 

Air  Mass 
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Table  24. — Determinations  of  the  solar  constant  of  radiation,  1923  to  1039 — Continued 
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Table  24. — Determinations  of  the  solar  constant  of  radiation,  ip?3  to  ipdp — Continued 
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200 

42 

19 

474 

177 

37 

17 

190 

42 

20 

488 

177 

34 

3  12 

M 

220 

28 

470 

462 

134 

35 

12 

200 

29 

451 

492 

123 

37 

13 

150 

30 

466 

564 

107 

40 

16 

T 

251 

32 

18 

431 

184 

44 

17 

200 

27 

19 

501 

176 

40 

19 

153 

33 

22 

567 

171 

53 

34 

4  12 

M 

250 

31 

513 

421 

156 

44 

12 

201 

31 

518 

485 

139 

44 

13 

150 

30 

505 

565 

116 

45 

49 

5  13 

M 

166 

37 

659 

518 

150 

44 

13 

157 

35 

659 

539 

146 

50 

13 

150 

36 

667 

557 

142 

54 

8  12 

M 

225 

21 

321 

501 

104 

43 

12 

200 

22 

317 

522 

95 

42 

13 

150 

22 

347 

588 

87 

43 

9  12 

M 

250 

35 

425 

427 

126 

42 

12 

200 

36 

434 

495 

114 

46 

13 

150 

39 

503 

563 

109 

56 

42 

17 

T 

250 

32 

68 

339 

371 

35 

17 

220 

28 

47 

419 

289 

37 

17 

200 

30 

60 

433 

311 

37 

12  12 

M 

220 

33 

637 

449 

178 

50 

12 

200 

31 

626 

477 

165 

50 

13 

150 

31 

617 

551 

137 

42 

0 

T3 

C 

h* 

c 

V. 

c 

0 

QJ 

TJ 

to 

ns 

a> 

0 

S 

LJ 

2 

T3 

ns 

O 

3 

1. 

0 

c 

3 

0 

CL 

O 

CO 

< 

X™ 

u. 

1931 

13 

12 

M 

220 

30 

810 

f 46 

12 

200 

29 

761 

c 

(40 

13 

150 

30 

625 

17 

T 

250 

27 

19 

17 

220 

28 

18 

c 

46 

17 

200 

28 

19 

14 

12 

M 

220 

28 

409 

12 

200 

27 

409 

12 

185 

28 

416 

c 

15 

12 

M 

220 

40 

450 

C  48 

12 

200 

40 

453 

13 

150 

37 

449 

d 

(so 

16 

12 

M 

250 

31 

452 

(  A  A 

12 

200 

31 

478 

d 

\  44t 
(42 

13 

150 

27 

470 

ICO 

17 

12 

M 

220 

35 

679 

12 

200 

35 

661 

P 

loo 

13 

150 

32 

593 

17 

T 

209 

21 

21 

j 

18 

200 

21 

21 

a 

18 

180 

26 

22 

(49 

18 

12 

M 

220 

19 

499 

d 

(44 

12 

200 

19 

506 

13 

150 

19 

474 

18 

T 

200 

6 

22 

c 

18 

190 

10 

26 

18 

180 

12 

25 

19 

12 

M 

220 

40 

554 

f  44 

12 

200 

40 

555 

d 

(48 

13 

150 

39 

552 

17 

T 

250 

53 

21 

18 

200 

56 

22 

d 

22 

12 

M 

220 

16 

395 

12 

200 

17 

405 

12 

180 

17 

398 

d 

44 

17 

T 

225 

12 

46 

17 

216 

12 

45 

(  51 

18 

200 

12 

38 

c 

(46 

23 

14 

M 

128 

16 

364 

14 

124 

17 

364 

(47 

14 

120 

13 

342 

c 

(38 

17 

T 

210 

21 

19 

18 

196 

21 

20 

18 

188 

21 

21 

c 

24 

18 

T 

208 

14 

19 

18 

195 

13 

20 

(46 

18 

188 

14 

20 

d 

(38 

25 

17 

T 

250 

23 

19 

18 

220 

24 

20 

18 

200 

26 

21 

d 

26 

14 

M 

119 

22 

475 

f47 

14 

116 

22 

445 

14 

113 

23 

431 

c 

(40 

27 

12 

M 

200 

38 

732 

12 

176 

37 

720 

13 

150 

36 

695 

28 

12 

M 

200 

26 

526 

(47 

13 

170 

24 

504 

d 

(42 

13 

150 

23 

513 

17 

T 

250 

24 

22 

18 

200 

30 

25 

c 

fSJ 

(44 

29 

12 

12 

M 

200 

170 

24 

22 

399 

392 

13 

150 

23 

389 

30 

12 

M 

251 

35 

499 

d 

49 

12 

200 

36 

506 

17 

T 

250 

26 

22 

c 

43 

18 

210 

27 

22 

18 

200 

25 

22 

12  1 

12 

M 

220 

49 

721 

d 

12 

200 

47 

678 

12 

180 

47 

668 

17 

T 

250 

9 

20 

(45 

17 

220 

9 

21 

d 

(43 

18 

200 

11 

22 

2 

12 

M 

220 

34 

439 

12 

200 

32 

438 

d 

47 

12 

180 

34 

441 

0 

“a  . 

5  f- 

c 

i/i 

nJ 

0 

JZ 

c 

■0 

QJ  ^ 

T3 

>» 

0 

ns 

■6 

ns  O 

3 

CL 

a. 

(/) 

13 

CL 

O 

in 

1931 

442 

233 

48 

3  12 

M 

473 

204 

SO 

12 

553 

143 

38 

d 

13 

432 

187 

S3 

17 

T 

469 

177 

39 

18 

505 

175 

47 

d 

45 

471 

119 

37 

4  12 

M 

496 

113 

34 

(47 

12 

515 

110 

31 

d 

(34 

12 

454 

120 

40 

21 

T 

482 

115 

37 

(51 

22 

552 

98 

36 

c 

(38 

22 

432 

139 

49 

5  12 

M 

497 

129 

53 

12 

571 

110 

45 

c 

49 

13 

59 

445 

187 

53 

18 

T 

475 

172 

51 

19 

563 

133 

55 

d 

20 

500 

196 

52 

6  12 

M 

509 

193 

46 

12 

537 

185 

51 

d 

52 

13 

1 7 

y 

479 

162 

51 

x  / 

18 

511 

153 

60 

18 

583 

124 

53 

d 

7  12 

M 

553 

204 

48 

12 

541 

208 

51 

13 

553 

201 

48 

d 

53 

9  12 

M 

438 

146 

37 

12 

468 

137 

40 

13 

548 

117 

45 

c 

11  12 

M 

394 

191 

43 

(49 

12 

459 

182 

46 

d 

(43 

13 

35 

12  12 

M 

494 

131 

43 

12 

519 

127 

45 

13 

543 

118 

43 

c 

437 

295 

43 

13  12 

M 

452 

287 

44 

(53 

12 

485 

262 

39 

d 

(43 

13 

634 

92 

49 

16  12 

M 

640 

90 

49 

12 

645 

87 

42 

d 

13 

489 

206 

53 

17  12 

M 

510 

208 

60 

12 

519 

208 

58 

d 

52 

12 

500 

193 

32 

18  12 

M 

528 

191 

43 

(48 

12 

541 

190 

45 

c 

(40 

13 

445 

189 

44 

19  12 

M 

483 

186 

54 

(46 

12 

501 

181 

48 

c 

(49 

13 

627 

108 

52 

29  19 

T 

637 

102 

49 

20 

643 

98 

52 

d 

51 

20 

469 

185 

54 

30  19 

T 

502 

170 

46 

19 

547 

147 

44 

d 

48 

20 

31  18 

T 

487 

147 

35 

19 

533 

133 

32 

567 

124 

49 

d 

1932 

423 

207 

37 

1  1  18 

T 

482 

198 

43 

c 

39 

18 

54 

19 

506 

116 

41 

2  18 

X 

552 

105 

42 

18 

587 

98 

46 

c 

43 

18 

417 

149 

47 

4  17 

T 

486 

131 

52 

d 

18 

66 

19 

433 

204 

55 

5  12 

M 

479 

193 

45 

12 

490 

191 

46 

c 

49 

12 

423 

179 

53 

18 

T 

450 

161 

43 

18 

475 

148 

35 

d 

19 

459 

212 

20 

6  12 

M 

505 

205 

34 

(45 

13 

523 

201 

36 

d 

(37 

13 

456 

122 

25 

7  18 

T 

487 

115 

29 

(52 

18 

517 

110 

36 

c 

(30 

19 

Air  Mass 

0 

x” 

Function 

>1 

CL 

Pyrn. 

S.C. 

Grade 

O 

i/i 

■d 

Q- 

220 

49 

500 

450 

126 

49 

200 

48 

504 

474 

121 

51 

150 

51 

509 

534 

104 

31 

d 

250 

37 

20 

415 

188 

51 

\53 

200 

38 

20 

477 

178 

41 

d 

i45 

39 

220 

43 

535 

446 

139 

48 

200 

41 

515 

475 

128 

42 

180 

40 

517 

502 

119 

42 

'  c 

209 

16 

18 

500 

180 

39 

216 

15 

17 

494 

177 

43 

220 

15 

16 

494 

173 

43 

P 

43 

250 

39 

433 

419 

121 

43 

199 

42 

430 

482 

107 

42 

150 

34 

406 

560 

92 

36 

c 

36 

220 

12 

17 

505 

180 

44 

183 

13 

19 

549 

184 

45 

(44 

183 

11 

19 

559 

185 

52 

d 

(43 

220 

56 

576 

433 

141 

56 

200 

54 

562 

464 

131 

54 

150 

53 

504 

548 

106 

49 

d 

250 

4 

16 

491 

199 

35 

204 

4 

17 

555 

191 

40 

(50 

196 

5 

17 

563 

188 

40 

d 

{47 

220 

74 

661 

413 

153 

59 

200 

70 

681 

436 

148 

52 

150 

72 

668 

514 

123 

44 

d 

52 

220 

113 

1127 

343 

228 

51 

200 

127 

1105 

376 

208 

47 

150 

119 

999 

468 

159 

47 

P 

48 

220 

95 

940 

383 

204 

63 

200 

95 

928 

415 

189 

62 

(47 

150 

87 

860 

498 

151 

51 

P 

(59 

250 

71 

681 

370 

175 

57 

200 

67 

718 

438 

157 

52 

150 

59 

630 

524 

122 

40 

d 

50 

44 

220 

48 

642 

437 

164 

55 

200 

49 

665 

459 

157 

57 

150 

48 

615 

541 

125 

51 

d 

54 

220 

128 

1131 

338 

230 

43 

200 

131 

1159 

368 

216 

41 

(51 

150 

124 

1080 

469 

170 

46 

d 

(43 

220 

107 

1081 

354 

230 

48 

200 

104 

1089 

389 

213 

49 

(56 

180 

107 

1097 

416 

180 

45 

d 

(47 

220 

113 

1001 

358 

213 

41 

200 

105 

1027 

389 

201 

40 

(54 

150 

109 

1029 

467 

167 

40 

d 

(40 

249 

102 

787 

333 

181 

43 

200 

92 

775 

404 

157 

30 

(50 

150 

87 

773 

499 

136 

49 

d 

(41 

190 

49 

20 

497 

173 

63 

187 

56 

20 

484 

170 

50 

(53 

187 

53 

19 

494 

168 

61 

P 

(58 

191 

40 

18 

494 

173 

36 

189 

39 

18 

503 

170 

46 

(48 

187 

42 

18 

497 

169 

41 

P 

(41 

251 

35 

17 

419 

179 

39 

189 

47 

18 

491 

171 

44 

d 

41 

42 

240 

14 

37 

441 

280 

49 

220 

15 

37 

473 

268 

58 

200 

15 

37 

498 

257 

56 

c 

54 

236 

24 

23 

452 

202 

47 

227 

26 

24 

463 

203 

57 

(45 

220 

28 

24 

464 

203 

41 

d 

(48 

250 

16 

19 

451 

194 

38 

210 

19 

19 

494 

188 

44 

200 

19 

20 

512 

186 

53 

d 

45 

220 

100 

885 

375 

186 

51 

200 

102 

907 

402 

179 

45 

150 

101 

855 

483 

145 

39 

d 

214 

45 

24 

452 

190 

52 

208 

45 

24 

459 

189 

50 

200 

45 

24 

472 

186 

54 

c 

49 

190 

159 

1413 

353 

242 

39 

178 

155 

1425 

377 

230 

40 

(54 

169 

153 

1355 

398 

213 

40 

d 

(40 

220 

50 

22 

434 

186 

46 

210 

51 

22 

453 

184 

50 

(44 

200 

49 

22 

471 

181 

54 

d 

(50 

120 


ANNALS  OF  THE  ASTROPH YSICAL  OBSERVATORY 


Table  24. — Determinations  of  the  solar 


Date  and 

G.M.T. 

Station 

Air  Mass 

0 

x 

Function 

t 

s 

£ 

0 

i/> 

Grade 

0 

in 

■6 

CL 

Date  and 
G.M.T. 

Station 

Air  Mass 

0 

x" 

1932 

1932 

8 

12 

M 

220 

163 

1375 

308 

262 

SO 

22 

17 

T 

250 

48 

12 

200 

159 

1322 

346 

235 

SO 

17 

200 

45 

13 

180 

161 

1353 

377 

220 

49 

c 

SO 

17 

190 

47 

9 

17 

T 

250 

51 

20 

398 

182 

43 

23 

12 

M 

220 

126 

18 

200 

53 

20 

462 

173 

42 

d 

42 

13 

200 

127 

10 

12 

M 

220 

142 

1089 

336 

215 

48 

13 

180 

124 

12 

200 

141 

1087 

373 

200 

51 

17 

T 

250 

16 

13 

180 

140 

1065 

407 

184 

52 

d 

17 

200 

14 

17 

T 

250 

41 

19 

410 

184 

38 

19 

150 

14 

18 

211 

38 

19 

471 

177 

46 

(  47 

24 

14 

M 

153 

125 

18 

205 

38 

19 

477 

176 

40 

c 

{45 

14 

147 

120 

11 

12 

M 

250 

139 

1044 

293 

227 

47 

14 

141 

120 

12 

200 

141 

1043 

371 

193 

44 

d 

46 

18 

T 

171 

5 

12 

13 

M 

156 

121 

1063 

455 

173 

46 

18 

163 

5 

14 

138 

118 

1034 

490 

157 

46 

18 

159 

5 

14 

133 

116 

1043 

505 

157 

S3 

d 

48 

26 

17 

T 

250 

27 

13 

13 

M 

180 

81 

749 

447 

149 

38 

17 

200 

27 

13 

171 

81 

753 

464 

144 

38 

19 

150 

24 

13 

160 

81 

750 

484 

139 

45 

d 

27 

16 

T 

250 

37 

20 

T 

180 

19 

23 

532 

196 

44 

Csi 

17 

200 

38 

21 

180 

18 

22 

525 

193 

45 

d 

{42 

18 

150 

42 

18 

17 

T 

250 

45 

20 

412 

183 

52 

28 

12 

M 

250 

117 

18 

200 

45 

18 

480 

172 

48 

d 

SO 

13 

200 

118 

42 

14 

150 

106 

21 

17 

T 

250 

18 

22 

433 

205 

33 

f  46 

29 

13 

M 

220 

115 

18 

200 

15 

21 

507 

196 

32 

d 

{33 

13 

200 

116 

23 

13 

M 

200 

122 

895 

389 

172 

47 

13 

180 

114 

13 

180 

130 

947 

418 

168 

48 

3  1 

13 

M 

180 

145 

13 

164 

128 

910 

444 

153 

44 

d 

13 

160 

147 

20 

T 

170 

5 

17 

596 

181 

39 

14 

150 

147 

20 

170 

5 

17 

595 

184 

39 

3 

13 

M 

200 

91 

20 

170 

5 

18 

591 

185 

31 

d 

41 

13 

180 

94 

24 

17 

T 

250 

21 

19 

449 

188 

50 

14 

150 

90 

18 

209 

22 

20 

496 

182 

50 

(44 

4 

14 

M 

150 

138 

18 

200 

23 

20 

507 

179 

54 

c 

{si 

14 

144 

139 

25 

12 

M 

180 

141 

987 

406 

170 

45 

14 

135 

132 

13 

162 

140 

1004 

436 

162 

44 

4 

16 

T 

250 

22 

13 

150 

136 

967 

466 

151 

51 

d 

17 

200 

23 

17 

T 

250 

17 

18 

456 

187 

46 

18 

149 

26 

18 

200 

17 

18 

526 

178 

51 

<48 

18 

194 

17 

18 

525 

176 

41 

c 

{47 

5 

16 

T 

250 

69 

36 

17 

200 

66 

26 

17 

T 

250 

37 

21 

422 

186 

53 

18 

150 

63 

17 

235 

36 

23 

434 

185 

44 

d 

46 

6 

16 

T 

250 

24 

27 

17 

T 

240 

16 

18 

477 

182 

53 

17 

200 

25 

17 

220 

16 

17 

502 

176 

53 

<  46 

18 

150 

24 

18 

200 

18 

17 

533 

173 

62 

P 

(56 

7 

17 

T 

250 

14 

28 

17 

T 

250 

23 

20 

434 

186 

38 

18 

200 

14 

18 

210 

23 

19 

495 

176 

51 

(46 

19 

150 

20 

18 

200 

23 

19 

504 

174 

40 

d 

{43 

12 

13 

M 

220 

168 

29 

17 

T 

250 

61 

22 

367 

183 

24 

13 

200 

168 

18 

200 

56 

22 

440 

178 

26 

(43 

14 

150 

173 

18 

189 

51 

21 

466 

177 

32 

d 

(27 

14 

13 

M 

220 

84 

2 

15 

M 

110 

128 

732 

551 

105 

41 

13 

200 

78 

15 

108 

128 

716 

578 

103 

44 

13 

180 

71 

16 

106 

129 

710 

563 

103 

46 

P 

44 

15 

12 

M 

249 

110 

3 

14 

M 

128 

102 

712 

534 

113 

47 

13 

200 

105 

14 

124 

98 

700 

537 

110 

37 

14 

150 

105 

15 

120 

102 

761 

541 

118 

39 

d 

41 

6 

14 

M 

140 

118 

668 

506 

107 

43 

16 

13 

M 

220 

111 

14 

134 

114 

623 

518 

98 

42 

(45 

13 

200 

113 

14 

130 

110 

609 

525 

96 

35 

d 

(40 

13 

1 7 

T 

180 
i  An 

113 

9 

12 

M 

250 

43 

545 

406 

152 

43 

1  / 

17 

1 

J.OU 

155 

48 

13 

200 

43 

554 

474 

136 

49 

18 

150 

50 

14 

150 

43 

532 

554 

112 

54 

c 

49 

17 

13 

M 

220 

86 

11 

13 

M 

159 

99 

1027 

465 

177 

48 

13 

200 

86 

14 

150 

97 

1023 

483 

170 

52 

14 

150 

78 

14 

143 

94 

967 

498 

157 

49 

c 

18 

13 

M 

220 

110 

17 

T 

250 

13 

27 

443 

228 

35 

13 

200 

112 

17 

210 

11 

26 

507 

215 

42 

(42 

13 

180 

107 

18 

200 

12 

26 

516 

209 

40 

d 

(46 

17 

T 

160 

53 

13 

13 

M 

200 

187 

1384 

337 

235 

57 

18 

150 

53 

13 

180 

189 

1350 

372 

213 

56 

(47 

18 

142 

54 

13 

160 

189 

1311 

412 

195 

56 

d 

(56 

19 

12 

M 

250 

94 

14 

13 

M 

200 

131 

892 

387 

167 

48 

13 

220 

88 

13 

180 

127 
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Table  24. — Determinations  of  the  solar  constant  of  radiation,  1923  to  1939 — Continued 
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15 

T 

250 

20 

23 

448 

214 

59 

12 

200 

50 

B 

106 

431 

167 

45 

\ '48 

27 

16 

T 

250 

57 

C 

-19 

395 

107 

54 

16 

200 

18 

25 

508 

204 

47 

(50 

13 

150 

48 

B 

92 

519 

123 

45 

c 

(41 

17 

170 

45 

B 

-53 

517 

88 

53 

16 

180 

16 

25 

546 

199 

54 

c 

(54 

3 

16 

T 

251 

127 

D 

73 

320 

142 

62 

17 

163 

46 

C 

-14 

523 

86 

52 

d 

S3 

11 

13 

M 

220 

45 

B 

55 

415 

134 

28 

17 

200 

128 

D 

64 

392 

114 

47 

28 

12 

M 

220 

32 

A 

38 

448 

125 

42 

13 

200 

50 

B 

60 

447 

127 

40 

18 

151 

117 

D 

60 

474 

99 

49 

d 

53 

12 

200 

32 

A 

45 

479 

121 

47 

13 

180 

50 

B 

63 

481 

119 

50 

P 

44 

13 

150 

27 

A 

45 

559 

98 

45 

c 

15 

pH 

250 

59 

34 

371 

232 

53 

4 

13 

M 

150 

62 

B 

47 

526 

87 

52 

16 

T 

250 

53 

C 

-20 

402 

104 

56 

16 

200 

59 

34 

438 

216 

49 

(43 

14 

143 

64 

B 

49 

540 

85 

56 

17 

200 

55 

c 

-19 

456 

93 

46 

(51 

16 

180 

59 

35 

472 

210 

52 

c 

(48 

14 

139 

63 

B 

48 

547 

82 

57 

P 

17 

190 

57 

c 

-16 

475 

93 

54 

c 

(49 

12 

13 

M 

220 

48 

B 

34 

436 

111 

44 

16 

T 

250 

117 

D 

71 

321 

144 

54 

29 

12 

M 

250 

36 

A 

68 

400 

161 

46 

13 

200 

48 

B 

34 

467 

103 

52 

16 

224  116 

D 

69 

362 

132 

57 

(46 

12 

200 

34 

A 

74 

478 

142 

58 

14 

150 

51 

B 

31 

535 

80 

41 

c 

16 

200 

108 

D 

64 

403 

124 

56 

d 

(58 

13 

150 

28 

A 

57 

560 

104 

44 

d 

15 

T 

250 

39 

25 

411 

208 

54 

9 

12 

M 

220 

23 

A 

23 

476 

115 

59 

16 

T 

250 

52 

C 

-27 

408 

100 

62 

16 

200 

44 

27 

474 

200 

62 

(46 

12 

200 

19 

A 

20 

507 

106 

48 

17 

200 

55 

C 

-29 

471 

87 

64 

(57 

16 

180 

44 

28 

505 

195 

62 

d 

(52 

13 

150 

17 

A 

12 

591 

80 

48 

c 

52 

17 

189 

56 

C 

-30 

487 

85 

59 

d 

(56 

128 
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Table  24. — Determinations  of  the  solar  constant  of  radiation,  1923  to  1939 — Continued 


Date  and 
G.M.T. 

c 

0 

a 

2 

0 

e 

0 

u 

-e 

e 

0 

55 

< 

X 

if 

0. 

Cl 

id 

1933 

30 

16 

T 

250 

107  D 

29 

359 

94 

50 

17 

200 

105  D 

26 

429 

80 

49 

17 

192 

108  D 

28 

444 

79 

57 

1 

16 

T 

250 

45  B 

-70 

413 

102 

54 

17 

200 

43  B 

-80 

483 

85 

53 

64 

2 

12 

M 

220 

28  A 

38 

462 

125 

47 

12 

200 

27  A 

31 

485 

111 

38 

13 

150 

24  A 

41 

569 

96 

45 

16 

T 

250 

45  B 

-75 

418 

98 

60 

17 

200 

43  B 

-86 

481 

83 

48 

18 

180 

40  B 

-80 

506 

79 

38 

3 

13 

M 

150 

27  A 

63 

563 

107 

47 

13 

133 

26  A 

63 

595 

94 

51 

14 

127 

25  A 

56 

603 

90 

45 

16 

T 

250 

25  A 

-14 

442 

89 

49 

17 

200 

25  A 

-11 

507 

82 

49 

18 

180 

24  A 

-10 

532 

79 

43 

4 

12 

M 

220 

32  A 

95 

432 

172 

43 

12 

200 

30  A 

97 

464 

160 

42 

13 

150 

26  A 

86 

554 

120 

42 

5 

16 

T 

250 

21  A 

15 

424 

123 

40 

17 

200 

21  A 

11 

495 

107 

41 

18 

190 

24  A 

11 

505 

102 

36 

6 

12 

M 

220 

28  A 

78 

439 

159 

34 

12 

200 

27  A 

77 

469 

146 

33 

13 

150 

25  A 

87 

548 

122 

34 

16 

T 

250 

28  B 

-67 

434 

96 

50 

17 

200 

28  B 

-70 

496 

85 

45 

18 

190 

27  B 

-79 

518 

80 

48 

7 

19 

T 

158 

34  B 

-47 

553 

83 

51 

19 

157 

32  B 

-43 

554 

84 

51 

20 

157 

34  B 

-44 

553 

84 

51 

8 

12 

M 

249 

20  A 

28 

441 

131 

57 

12 

200 

19  A 

32 

505 

116 

50 

13 

150 

17  A 

31 

587 

93 

49 

46 

17 

T 

250 

35  B 

-77 

434 

94 

63 

17 

200 

32  B 

-80 

501 

82 

56 

64 

9 

17 

T 

250 

28  B 

-50 

430 

104 

49 

17 

200 

28  B 

-50 

497 

92 

46 

18 

180 

27  B 

-54 

523 

87 

48 

10 

18 

T 

189 

21  A 

2 

525 

94 

47 

18 

180 

21  A 

1 

538 

91 

44 

11 

12 

M 

220 

18  A 

56 

475 

144 

45 

12 

200 

18  A 

57 

509 

135 

54 

12 

180 

17  A 

61 

538 

127 

52 

17 

T 

250 

105  D 

29 

358 

96 

39 

17 

200 

102  D 

31 

428 

88 

50 

18 

180 

90  D 

26 

468 

83 

53 

13 

12 

M 

250 

23  A 

24 

439 

125 

59 

12 

200 

22  A 

9 

507 

96 

42 

13 

150 

21  A 

24 

582 

86 

54 

14 

12 

M 

200 

24  A 

52 

494 

128 

52 

12 

180 

23  A 

47 

522 

115 

45 

13 

150 

21  A 

37 

575 

94 

51 

15 

12 

M 

250 

28  A 

106 

401 

199 

62 

12 

200 

28  A 

99 

478 

163 

58 

13 

150 

23  A 

79 

566 

118 

56 

17 

T 

250 

59  C 

-29 

397 

99 

48 

18 

200 

58  C 

-24 

468 

90 

57 

18 

180 

50  C 

-24 

496 

84 

48 

16 

12 

M 

200 

34  A 

86 

468 

150 

52 

13 

150 

31  A 

83 

541 

118 

41 

13 

140 

30  A 

74 

565 

106 

38 

17 

T 

250 

37  B 

-38 

420 

110 

55 

18 

200 

37  B 

-30 

482 

101 

55 

18 

180 

38  B 

-32 

511 

96 

55 

17 

12 

M 

200 

25  A 

30 

500 

111 

54 

12 

170 

23  A 

25 

539 

97 

42 

13 

150 

22  A 

26 

575 

88 

49 

18 

12 

M 

200 

28  A 

48 

488 

123 

51 

12 

170 

27  A 

54 

533 

113 

52 

13 

150 

28  A 

40 

567 

94 

45 

17 

T 

250 

16  A 

7 

445 

127 

40 

18 

200 

13  A 

0 

520 

102 

45 

18 

191 

13  A 

2 

535 

101 

46 

19 

17 

T 

250 

14  A 

-4 

464 

110 

51 

18 

200 

14  A 

0 

529 

101 

56 

18 

189 

15  A 

0 

545 

98 

46 

20 

12 

M 

200 

28  A 

65 

487 

137 

57 

12 

180 

26  A 

59 

519 

122 

52 

13 

150 

26  A 

62 

566 

107 

58 

0 

c 

C 

Sj 

e 

0 

O 

in 

rcj 

CD 

O 

S 

u 

To 

•6 

d 

la 

.h 

0 

£ 

£ 

0 

Si 

O 

i/> 

< 

nT 

LL 

1933 

21 

17 

T 

246 

44 

B 

-62 

18 

200 

42 

B 

-67 

d 

52 

18 

191 

42 

B 

-67 

(50 

23 

17 

T 

250 

30 

B 

-71 

c 

(54 

18 

200 

34 

B 

-81 

18 

190 

32 

B 

-83 

24 

17 

T 

250 

25 

A 

-2 

18 

200 

27 

B 

-50 

c 

18 

190 

27 

B 

-51 

25 

17 

T 

250 

19 

A 

-11 

(  49 

18 

210 

19 

A 

-12 

p 

1 46 

18 

200 

18 

A 

-12 

28 

12 

M 

200 

41 

A 

61 

12 

180 

40 

A 

59 

d 

13 

150 

39 

A 

65 

12  1 

19 

T 

180 

38 

B 

-34 

(49 

20 

180 

40 

B 

-43 

c 

(48 

21 

200 

36 

B 

-17 

(51 

6 

12 

M 

200 

40 

A 

82 

12 

180 

43 

A 

96 

c 

(42 

13 

150 

44 

A 

95 

17 

T 

250 

112 

D 

41 

39 

18 

200 

109 

D 

44 

b 

7 

12 

M 

251 

49 

B 

74 

12 

200 

44 

A 

71 

13 

151 

43 

A 

60 

8 

12 

M 

220 

39 

A 

60 

(48 

12 

200 

40 

A 

65 

c 

{« 

12 

189 

38 

A 

61 

9 

12 

M 

220 

40 

A 

75 

12 

200 

40 

A 

78 

d 

51 

13 

150 

38 

A 

74 

10 

12 

M 

220 

57 

B 

89 

12 

200 

57 

B 

92 

c 

13 

150 

56 

B 

79 

11 

17 

T 

250 

59 

C 

-32 

(51 

18 

200 

47 

C 

-27 

d 

(56 

12 

13 

M 

144 

64 

B 

104 

14 

126 

60 

B 

102 

14 

123 

59 

B 

101 

c 

43 

15 

13 

M 

150 

39 

A 

65 

13 

140 

36 

A 

61 

d 

45 

13 

135 

38 

A 

50 

17 

12 

M 

220 

47 

B 

98 

12 

200 

48 

B 

98 

c 

13 

150 

47 

B 

93 

19 

17 

T 

250 

35 

B 

-41 

49 

18 

210 

33 

B 

-53 

d 

19 

200 

34 

B 

-60 

20 

12 

M 

250 

118 

C 

154 

52 

12 

200 

113 

C 

145 

d 

13 

150 

114 

C 

145 

(53 

17 

T 

250 

31 

B 

-73 

d 

(49 

19 

196 

31 

B 

-78 

21 

12 

M 

220 

68 

B 

82 

P 

12 

200 

63 

B 

77 

13 

150 

52 

B 

68 

18 

T 

250 

27 

B 

-71 

d 

54 

19 

210 

28 

B 

-78 

19 

200 

29 

B 

-77 

22 

12 

M 

200 

62 

B 

53 

d 

12 

180 

59 

B 

58 

13 

150 

60 

B 

51 

(52 

18 

T 

250 

24 

A 

0 

d 

(49 

18 

210 

23 

A 

-6 

19 

200 

22 

A 

-5 

23 

12 

M 

220 

71 

B 

92 

c 

48 

12 

200 

71 

B 

98 

13 

150 

68 

B 

96 

18 

T 

210 

31 

B 

-42 

d 

19 

200 

31 

B 

-19 

24 

12 

M 

220 

71 

B 

88 

(49 

12 

200 

65 

B 

79 

c 

(47 

13 

150 

64 

B 

78 

18 

T 

250 

51 

C 

-23 

18 

210 

53 

C 

-20 

c 

51 

19 

200 

52 

C 

-39 

25 

18 

T 

250 

36 

B 

-45 

18 

210 

40 

B 

-47 

d 

56 

19 

200 

40 

B 

-44 

IS 

ti 

*0  . 

ra  h 

£ 

id 

O 

JZ 

£ 

*0 

0 

as 

~6 

(9 

a? 

X 

id 

CL 

Q  O 

1933 

412 

103 

48 

26  12 

M 

482 

89 

49 

12 

498 

87 

60 

d 

52 

13 

439 

95 

51 

27  12 

M 

493 

82 

53 

12 

510 

79 

54 

c 

53 

13 

442 

103 

56 

501 

92 

56 

(52 

28  12 

M 

516 

89 

56 

c 

(56 

12 

459 

96 

56 

13 

507 

87 

52 

18 

T 

519 

85 

49 

c 

52 

18 

465 

129 

53 

19 

498 

118 

52 

29  13 

M 

540 

105 

48 

c 

51 

13 

502 

92 

48 

13 

513 

95 

60 

30  13 

M 

478 

105 

49 

p 

52 

13 

464 

146 

54 

13 

484 

142 

49 

31  12 

M 

524 

121 

35 

d 

12 

351 

107 

51 

13 

413 

101 

44 

d 

47 

1934 

1  1  12 

M 

377 

165 

49 

12 

458 

136 

49 

13 

546 

102 

53 

c 

50 

2  12 

M 

438 

139 

48 

12 

472 

132 

58 

13 

489 

124 

57 

c 

54 

18 

T 

437 

150 

51 

19 

460 

142 

45 

(54 

19 

543 

110 

46 

c 

(47 

3  12 

M 

411 

162 

54 

12 

443 

153 

58 

13 

533 

111 

65 

d 

59 

395 

98 

52 

4  13 

M 

466 

87 

45 

d 

49 

13 

40 

13 

519 

130 

47 

18 

T 

549 

108 

43 

(50 

19 

554 

105 

47 

d 

(46 

550 

99 

52 

5  18 

T 

566 

91 

42 

18 

574 

88 

47 

c 

47 

19 

6  12 

M 

409 

174 

50 

439 

161 

48 

1C 

528 

124 

54 

c 

51 

19 

18 

j 

412 

110 

42 

18 

475 

95 

51 

19 

487 

90 

53 

d 

49 

7  18 

T 

302 

218 

53 

18 

375 

177 

45 

19 

465 

140 

46 

c 

8  18 

T 

61 

18 

427 

95 

42 

19 

510 

81 

50 

c 

47 

9  18 

T 

56 

19 

401 

149 

59 

12  17 

T 

434 

135 

51 

18 

527 

105 

51 

d 

18 

439 

96 

52 

13  17 

T 

488 

84 

44 

18 

501 

82 

51 

c 

51 

18 

447 

117 

43 

14  7 

K 

474 

110 

47 

8 

526 

91 

49 

c 

15  12 

M 

439 

105 

50 

12 

496 

91 

53 

13 

511 

89 

49 

c 

51 

16 

M 

392 

158 

45 

17 

T 

424 

152 

54 

18 

509 

118 

55 

c 

475 

98 

39 

17  7 

K 

487 

103 

48 

p 

48 

8 

398 

153 

57 

18  12 

M 

431 

137 

49 

13 

512 

108 

48 

c 

13 

406 

102 

58 

17 

T 

455 

95 

55 

18 

454 

84 

58 

c 

53 

19 

416 

108 

44 

12 

K 

467 

99 

56 

(53 

12 

475 

97 

54 

d 

(51 

12 

d 


s 

'■L. 

<U 

10 

L 

0 

£ 

£ 

0 

ns 

■d 

< 

x“ 

u. 

CL 

a 

id 

<3 

£1 

220 

78 

C 

119 

379 

168 

47 

200 

83 

C 

121 

413 

156 

63 

150 

83 

C 

124 

495 

125 

50 

d 

53 

250 

69 

B 

83 

356 

164 

51 

200 

71 

B 

83 

428 

138 

48 

150 

73 

B 

85 

504 

109 

47 

C 

49 

43 

220 

72 

B 

82 

399 

150 

56 

200 

72 

B 

84 

431 

139 

60 

150 

71 

B 

86 

509 

110 

55 

c 

250 

71 

C 

10 

413 

117 

55 

210 

67 

C 

4 

424 

114 

43 

200 

66 

C 

-3 

441 

109 

46 

d 

53 

165 

125 

c 

197 

414 

178 

43 

158 

121 

c 

191 

425 

168 

43 

150 

119 

c 

211 

437 

169 

42 

d 

43 

160 

99 

c 

160 

456 

152 

50 

150 

99 

c 

167 

473 

142 

46 

143 

98 

c 

150 

489 

133 

52 

d 

49 

220 

124 

c 

176 

337 

211 

50 

200 

122 

c 

178 

364 

196 

49 

150 

109 

c 

177 

467 

148 

56 

c 

52 

200 

113 

c 

93 

394 

146 

58 

180 

116 

c 

80 

437 

130 

64 

150 

109 

c 

86 

481 

112 

53 

d 

58 

220 

118 

c 

150 

346 

195 

57 

200 

114 

c 

164 

376 

187 

54 

150 

120 

c 

170 

462 

152 

58 

c 

220 

32 

B 

-38 

472 

102 

59 

200 

31 

B 

-50 

493 

92 

56 

(54 

200 

31 

B 

-47 

500 

93 

63 

d 

(57 

251 

127 

c 

239 

271 

275 

52 

199 

125 

c 

247 

348 

235 

43 

150 

121 

c 

195 

445 

163 

47 

d 

47 

48 

180 

111 

c 

203 

407 

191 

51 

150 

106 

c 

200 

461 

162 

59 

144 

106 

c 

200 

473 

155 

50 

c 

250 

34 

B 

-14 

414 

116 

58 

200 

36 

B 

-26 

472 

102 

46 

d 

53 

47 

250 

31 

B 

-5 

416 

122 

41 

210 

29 

B 

-13 

473 

108 

38 

(50 

200 

29 

B 

-10 

486 

106 

42 

c 

(40 

220 

98 

C 

248 

333 

249 

42 

200 

99 

C 

245 

367 

229 

41 

150 

94 

c 

205 

459 

163 

32 

d 

250 

24  A 

1 

437 

107 

50 

210 

23  A 

-2 

487 

95 

43 

(50 

200 

22 

A 

-3 

505 

92 

49 

c 

(43 

250 

15 

A 

1 

438 

116 

36 

210 

15  A 

-2 

499 

101 

38 

(54 

200 

14 

A 

-3 

515 

97 

45 

c 

(40 

250 

6  A 

11 

471 

133 

45 

210 

6 

A 

10 

533 

120 

60 

200 

6 

A 

11 

546 

118 

63 

d 

56 

250 

15 

A 

22 

441 

138 

57 

200 

15 

A 

17 

507 

118 

53 

c 

55 

250 

42 

B 

76 

386 

159 

66 

210 

45 

B 

20 

443 

125 

53 

(52 

200 

44 

B 

8 

455 

117 

49 

P 

(56 

250 

34 

B 

-9 

403 

122 

44 

210 

37 

B 

-33 

464 

103 

50 

200 

37 

B 

-33 

476 

100 

51 

c 

48 

250 

17 

A 

-35 
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Table  24. — Determinations  of  the  solar  constant  of  radiation ,  1923  to  1939 — Continued 
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Table  24. — Determinations  of  the  solar  constant  of  radiation,  1923  to  1939 — Continued 
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55 

425 

171 

51 

59 

5 
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26 

B 

57 

484 

143 

50 

27 

13 

M 

220 

22  A  -18 

500 

81 

52 

6 

150 

34 

B 

58 

547 

118 

45 

c 

14 

200 

21  A  -18 

522 

76 

47 

31 

15 

150 

23  A  -16 

584 

62 

39 

c 

46 

15 

16 

T 

150 

51 

C 

26 

520 

104 

43 

28 

13 

M 

250 

29  A  -2 

443 

99 

56 

16 

144 

51 

C 

20 

536 

99 

43 

14 

200 

29  A  -7 

505 

82 

44 

17 

137 

48 

c 

22 

546 

97 

41 

b 

15 

150 

28  A  -3 

575 

68 

47 

c 

5 

K 

249 

18 

A 

95 

436 

172 

49 

38 

5 

200 

13 

A 

77 

515 

132 

44 

4 

K 

250 

63  C  165 

312 

334 

41 

6 

150 

16 

A 

67 

576 

104 

36 

d 

5 

200 

58  C  162 

401 

268 

44 

( 49 

17 

14 

M 

220 

35 

A 

-17 

479 

76 

52 

6 

150 

55  C  151 

493 

201 

47 

d 

147 

14 

200 

36  A 

-22 

503 

71 

48 

29 

13 

M 

220 

31  A  -13 

480 

81 

51 

14 

180 

35 

A 

-18 

528 

67 

47 

b 

14 

200 

30  A  -14 

504 

76 

45 

15 

T 

250 

51 

C 

56 

371 

157 

57 

15 

150 

28  A  -13 

575 

62 

42 

c 

15 

200 

49 

C 

41 

446 

129 

55 

4 

K 

250 

56  C  161 

324 

324 

48 

16 

150 

53 

C 

20 

523 

101 

47 

d 

5 

200 

54  C  155 

412 

258 

61 

5 

K 

249 

39 

B 

136 

367 

250 

43 

6 

150 

53  C  141 

497 

192 

44 

d 

48 

5 

200 

48 

B 

135 

423 

213 

41 

d 

48 

CO 
f— J 

13 

M 

250 

19 

A 

-30 

468 

76 

46 

6  2 

13 

M 

220 

23  A  -15 

489 

83 

45 

14 

200 

17 

A 

-31 

542 

67 

55 

14 

200 

21  A  -17 

515 

77 

43 

15 

150 

15 

A 

-36 

606 

52 

38 

d 

14 

180 

23  A  -17 

549 

71 

50 

b 

51 

15 

T 

250 

73  C  78 

337 

176 

42 

15 

T 

245 

60 

C 

50 

369 

152 

52 

15 

200 

71  C  87 

408 

160 

42 

(47 

16 

180 

61 

C 

36 

463 

122 

50 

16 

150 

79  C  62 

484 

126 

41 

c 

(44 

16 

150 

73 

C 

43 

497 

116 

47 

c 

3 

13 

M 

220 

12  A  -22 

516 

79 

42 

5 

K 

249 

29 

B 

51 

408 

162 

43 

14 

200 

12  A  -20 

541 

78 

38 

5 

200 

34 

B 

60 

473 

145 

55 

15 

150 

13  A  -23 

606 

60 

42 

b 

6 

150 

35 

B 

60 

531 

116 

56 

c 

15 

T 

250 

60  C  78 

348 

175 

49 

47 

15 

200 

62  C  78 

418 

154 

49 

C47 

19 

14 

M 

220 

20 

A 

-31 

506 

71 

51 

16 

150 

63  C  51 

501 

118 

50 

c 

(45 

14 

200 

21 

A 

-28 

526 

68 

43 

40 

14 

180 

20 

A 

-29 

555 

64 

49 

c 

4 

13 

M 

251 

8  A  -37 

504 

75 

43 

15 

T 

250 

43 

C 

83 

365 

175 

45 

14 

200 

7  A  -38 

564 

66 

39 

(47 

15 

200 

43 

C 

71 

440 

146 

46 

15 

150 

8  A  -34 

625 

55 

42 

b 

<41 

16 

150 

55 

C 

58 

508 

120 

44 

c 

44 

5 

K 

249 

60 

C 

90 

335 

232 

21 

5 

14 

M 

220 

16  A  -29 

513 

73 

49 

5 

200 

63 

C 

96 

405 

201 

32 

14 

200 

16  A  -29 

542 

69 

52 

(43 

6 

150 

65 

C 

86 

498 

154 

41 

p 

15 

150 

19  A  -24 

598 

58 

47 

b 

(49 

45 

O 

</) 

T3 

£ 


46 


50 


43 


45 


* 


48 


49 

>52 


t 


43 


42 


(50 

(48 


49 


\47 

)45 


Date  and 

G.M.T. 

Station 

Air  Mass 

O 

3Z 

Function 

Pyrll. 

Pyrn. 

S.C. 

Grade 

1935 

20 

13 

M 

250 

23  A  -22 

456 

82 

46 

14 

200 

21 

A  -24 

523 

71 

48 

c 

43 

15 

T 

250 

62 

C  52 

352 

157 

40 

16 

180 

57 

C  36 

457 

121 

34 

16 

150 

60 

C  45 

491 

115 

20 

P 

5 

K 

200 

55 

C  169 

397 

264 

40 

6 

180 

55 

C  167 

430 

239 

41 

d 

21 

15 

T 

250 

58 

C  28 

372 

137 

45 

15 

200 

54 

C  18 

445 

115 

47 

16 

150 

62 

C  6 

517 

96 

51 

b 

5 

K 

200 

20 

A  90 

490 

138 

44 

6 

180 

21 

A  89 

518 

127 

46 

6 

164 

21 

A  89 

541 

118 

44 

c 

22 

15 

T 

250 

47 

C  -22 

403 

102 

47 

15 

200 

48 

C  -21 

463 

91 

43 

16 

150 

52 

C  -34 

543 

73 

54 

c 

5 

K 

200 

26 

B  57 

483 

138 

50 

6 

180 

27 

B  54 

511 

126 

46 

6 

164 

30 

B  59 

531 

120 

4^ 

c 

23 

14 

M 

180 

17 

A  -27 

557 

66 

42 

15 

170 

17 

A  -28 

568 

63 

41 

15 

160 

17 

A  -23 

585 

61 

46 

b 

15 

T 

250 

33 

B  5 

416 

127 

57 

15 

200 

29 

B  1 

480 

110 

43 

16 

150 

41 

B  21 

539 

104 

53 

d 

5 

K 

200 

61 

C  119 

403 

229 

40 

6 

180 

62 

C  119 

439 

208 

47 

6 

163 

62 

C  112 

469 

189 

37 

d 

24 

14 

M 

220 

14  A  -31 

521 

72 

48 

14 

200 

14  A  -35 

550 

68 

53 

14 

180 

14  A  -35 

566 

63 

38 

d 

5 

K 

200 

41 

B  153 

435 

228 

52 

6 

180 

40 

B  168 

462 

220 

51 

6 

163 

44 

B  170 

483 

208 

38 

d 

25 

14 

M 

220 

11 

A  -31 

531 

74 

50 

14 

200 

10 

A  -32 

560 

70 

47 

14 

190 

11 

A  -34 

571 

66 

50 

b 

15 

T 

250 

53 

C  139 

338 

221 

45 

16 

200 

50 

C  129 

416 

182 

48 

16 

150 

59 

C  128 

485 

152 

41 

c 

5 

K 

200 

19  A  67 

505 

132 

58 

6 

180 

18  A  62 

536 

118 

56 

6 

163 

15 

A  66 

559 

110 

48 

c 

26 

15 

T 

250 

65 

C  141 

320 

227 

37 

15 

200 

64 

C  143 

391 

193 

45 

16 

150 

61 

C  127 

483 

152 

43 

c 

34 

5 

K 

200 

12 

A  -25 

527 

85 

41 

6 

180 

12 

A  -23 

555 

80 

39 

6 

163 

10 

A  -27 

584 

71 

48 

c 

27 

13 

M 

250 

63 

B  48 

369 

124 

36 

14 

200 

68 

B  46 

444 

105 

49 

15 

150 

61 

B  37 

525 

80 

49 

c 

15 

T 

250 

34 

B  3 

417 

127 

62 

15 

200 

29 

B  -27 

490 

100 

49 

16 

150 

35 

B  -41 

558 

84 

51 

d 

5 

K 

200 

16 

A  -35 

538 

83 

65 

6 

180 

18 

A  -39 

552 

76 

46 

6 

150 

17 

A  -42 

601 

66 

53 

d 

28 

13 

M 

250 

63 

B  39 

378 

117 

49 

14 

220 

60 

B  36 

423 

107 

40 

14 

200 

58 

B  32 

456 

97 

46 

b 

15 

T 

250 

35 

B  -10 

418 

123 

60 

15 

200 

35 

B  -21 

477 

104 

50 

16 

150 

35 

B  -21 

555 

90 

49 

c 

5 

K 

250 

13  A  -27 

475 

100 

45 

5 

201 

13  A  -22 

530 

87 

48 

6 

150 

14  A  -30 

599 

69 

49 

b 

29 

13 

M 

250 

31 

A  -12 

436 

89 

43 

14 

200 

30 

A  -12 

504 

78 

46 

15 

150 

30 

A  -8 

574 

65 

46 

a 

1 

56 

15 

T 

250 

37 

B  99 

389 

168 

57 

15 

200 

31 

B  93 

468 

143 

56 

16 

150 

31 

B  65 

559 

115 

52 

d 

5 

K 

250 

11 

A  -33 

488 

94 

57 

5 

199 

11 

A  -35 

555 

80 

58 

6 

153 

9  A  -35 

591 

67 

44 

c 

46 

30 

15 

T 

250 

56 

C  44 

377 

150 

60 

15 

200 

48 

C  33 

451 

124 

54 

16 

150 

57 

C  4 

524 

94 

49 

d 

7 

K 

132 

30 

B  -8 

593 

71 

54 

7 

126 

25 

B  -8 

604 

67 

43 

7 

122 

29 

B  -9 

622 

67 

64 

P 

o 

id 

-d 

£ 


i 


49 

40 


47 


48 


45 


46 


49 


43 


51 


{ 


{ 


52 

54 
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Table  24. — Determinations  of  the  solar  constant  of  radiation ,  1923  to  1939 — Continued 
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O 
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O 
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Y 

LL 

ll 
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to 

O 

CL 
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55 

< 
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LL 

LL* 

LL 

to 

O 

1935 

1935 

1935 

1 

13 

M 

250 

32 

A 

-13 

438 

87 

45 

14 

14 

M 

220 

13 

A 

— 32 

527 

72 

50 

5 

13 

M 

220 

24 

A 

-31 

499 

70 

52 

14 

200 

28 

A 

-19 

511 

73 

49 

14 

200 

13 

A 

-34 

550 

67 

48 

[43 

14 

200 

23 

A 

-30 

529 

66 

55 

15 

150 

24 

A 

-16 

588 

62 

45 

C 

14 

180 

12 

A 

-28 

574 

63 

45 

b 

(48 

15 

150 

22 

A 

-33 

594 

52 

44 

C 

46 

18 

13 

M 

250 

22 

A 

-17 

452 

88 

38 

15 

T 

250 

31 

B 

-56 

427 

102 

48 

15 

T 

250 

48 

C 

-10 

402 

112 

57 

14 

200 

19 

A 

-21 

527 

74 

41 

16 

200 

34 

B 

-67 

487 

87 

44 

15 

200 

47 

C 

-10 

466 

97 

51 

15 

150 

19 

A 

-20 

593 

60 

42 

b 

17 

150 

39 

B 

-95 

556 

68 

47 

d 

16 

150 

49 

C 

-15 

545 

82 

57 

C 

49 

6 

13 

M 

220 

32 

A 

1 

472 

93 

51 

5 

K 

251 

25 

A 

-19 

438 

115 

45 

5 

K 

249 

56 

C 

16 

388 

148 

56 

14 

200 

34 

A 

0 

494 

85 

44 

5 

200 

25 

A 

-19 

507 

97 

50 

\50 

5 

200 

60 

C 

18 

451 

127 

56 

14 

180 

31 

A 

1 

525 

81 

48 

b 

6 

150 

26 

A 

-22 

581 

79 

57 

c 

(51 

6 

150 

54 

C 

18 

522 

101 

43 

d 

45 

15 

T 

250 

64 

C 

-30 

388 

98 

46 

58 

33 

16 

200 

73 

C 

-39 

451 

83 

49 

2 

13 

M 

250 

16 

A 

-29 

484 

79 

55 

19 

15 

T 

250 

35 

B 

-18 

407 

119 

42 

17 

150 

79 

C 

-43 

518 

72 

48 

c 

14 

200 

15 

A 

-33 

543 

67 

46 

15 

200 

27 

B 

-29 

489 

100 

43 

7 

15 

T 

250 

81 

D 

21 

378 

99 

52 

14 

180 

14 

A 

-28 

567 

63 

48 

c 

16 

150 

24 

B 

-43 

569 

81 

46 

d 

44 

16 

200 

77 

D 

17 

446 

83 

47 

c 

55 

21 

15 

T 

250 

31 

B 

-75 

434 

93 

54 

67 

15 

T 

250 

20 

A 

10 

440 

122 

55 

15 

200 

30 

B 

-85 

500 

80 

49 

8 

5 

K 

249 

38 

B 

13 

422 

135 

67 

15 

200 

18 

A 

7 

505 

105 

52 

16 

150 

33 

B 

-93 

566 

67 

49 

c 

6 

199 

36 

B 

7 

482 

108 

55 

16 

150 

28 

A 

28 

547 

104 

41 

d 

50 

7 

K 

134 

28 

B 

18 

585 

86 

44 

6 

150 

35 

B 

0 

557 

84 

48 

p 

4 

16 

M 

150 

34 

A 

77 

545 

113 

41 

7 

128 

33 

B 

19 

593 

85 

47 

f47 

57 

16 

146 

34 

A 

80 

552 

111 

40 

7 

124 

29 

B 

23 

608 

83 

50 

c 

(49 

9 

13 

M 

220 

41 

A 

-1 

454 

86 

45 

16 

144 

35 

A 

75 

557 

108 

43 

c 

22 

14 

M 

220 

15 

A 

-25 

509 

77 

44 

14 

220 

42 

A 

0 

484 

82 

48 

5 

K 

250 

36 

B 

-5 

421 

116 

50 

14 

200 

14 

A 

-29 

541 

70 

41 

14 

180 

43 

A 

0 

513 

76 

49 

c 

5 

200 

40 

B 

-10 

481 

97 

50 

14 

170 

15 

A 

-29 

582 

62 

44 

b 

5 

K 

250 

27 

B 

8 

427 

124 

44 

6 

150 

35 

B 

-34 

568 

61 

44 

c 

45 

15 

T 

250 

97 

D 

23 

374 

91 

52 

6 

200 

27 

B 

8 

500 

105 

53 

55 

• 

16 

200 

94 

D 

18 

439 

77 

45 

6 

150 

27 

B 

2 

568 

82 

42 

c 

5 

13 

M 

250 

29 

A 

38 

424 

137 

52 

16 

150 

81 

D 

11 

523 

65 

53 

d 

35 

14 

199 

28 

A 

33 

496 

113 

57 

5 

K 

250 

28 

B 

62 

410 

179 

47 

10 

13 

M 

220 

25 

A 

-14 

484 

83 

48 

16 

150 

27 

A 

22 

572 

84 

49 

d 

5 

200 

37 

B 

62 

486 

148 

54 

14 

200 

24 

A 

-15 

513 

77 

44 

59 

6 

150 

34 

B 

65 

539 

123 

38 

d 

46 

14 

180 

24 

A 

-18 

538 

71 

40 

b 

15 

T 

250 

25 

A 

-12 

441 

91 

46 

33 

5 

K 

220 

18 

A 

-13 

496 

103 

50 

15 

200 

25 

A 

-15 

510 

78 

51 

23 

15 

r 

250 

48 

B 

-95 

414 

92 

51 

6 

200 

17 

A 

-14 

526 

93 

55 

16 

150 

27 

A 

-18 

578 

64 

48 

c 

16 

200 

44 

B 

-96 

481 

80 

50 

6 

180 

17 

A 

-16 

548 

86 

40 

d 

5 

K 

251 

18 

A 

7 

450 

122 

52 

16 

K 

150 

43 

B- 

108 

549 

65 

40 

c 

11 

13 

M 

249 

10 

A 

-21 

489 

90 

39 

5 

199 

20 

A 

13 

516 

108 

63 

5 

251 

19 

A 

50 

444 

148 

57 

14 

199 

9 

A 

-21 

560 

78 

53 

6 

150 

25 

A 

1 

570 

87 

42 

P 

51 

5 

200 

19 

A 

50 

501 

124 

48 

15 

150 

8 

A 

-23 

628 

62 

48 

d 

40 

6 

150 

23 

A 

41 

570 

99 

43 

c 

43 

42 

6 

14 

M 

220 

35 

A 

34 

450 

119 

43 

24 

15 

T 

249 

37 

B 

-89 

423 

90 

51 

7 

K 

130 

16 

A 

-37 

640 

62 

53 

14 

200 

35 

A 

35 

476 

112 

42 

15 

199 

37 

B- 

100 

491 

76 

48 

7 

124 

18 

A 

-39 

649 

60 

58 

15 

170 

35 

A 

31 

517 

97 

36 

d 

16 

150 

36 

B 

-96 

563 

67 

56 

d 

8 

120 

17 

A 

-40 

656 

58 

59 

c 

15 

T 

250 

27 

B 

-60 

429 

101 

45 

K 

249 

40 

B 

77 

386 

197 

55 

12 

13 

M 

220 

12 

A 

-17 

519 

85 

51 

15 

200 

30 

B 

-65 

500 

87 

49 

5 

49 

14 

200 

12 

A 

-14 

544 

82 

49 

16 

150 

27 

B 

-80 

577 

69 

51 

c 

5 

200 

40 

B 

67 

453 

159 

44 

14 

180 

12 

A 

-15 

574 

76 

51 

b 

6 

150 

49 

B 

63 

520 

130 

42 

b 

43 

K 

5 

250 

11 

A 

-31 

488 

95 

53 

5 

K 

249 

20 

A 

35 

440 

140 

54 

25 

15 

250 

55 

-46 

33 

6 

200 

10 

A 

-32 

551 

81 

54 

5 

200 

21 

A 

36 

501 

119 

51 

[47 

T 

C 

407 

87 

47 

6 

150 

12 

A 

-28 

611 

69 

55 

b 

6 

150 

26 

A 

19 

565 

94 

43 

d 

\46 

16 

200 

54 

C 

-52 

470 

73 

46 

42 

38 

16 

K 

150 

57 

C 

-54 

533 

64 

39 

c 

13 

13 

M 

220 

14 

A 

-3 

508 

96 

51 

7 

14 

M 

220 

37 

A 

15 

455 

102 

50 

5 

250 

56 

C 

54 

354 

193 

29 

\43n 

13 

200 

13 

A 

-8 

533 

85 

45 

14 

200 

36 

A 

13 

485 

94 

53 

5 

200 

61 

C 

49 

425 

160 

37 

14 

180 

14 

A 

-5 

561 

82 

50 

b 

14 

180 

35 

A 

8 

515 

85 

48 

c 

6 

150 

59 

C 

48 

501 

126 

34 

c 

{39 

5 

K 

220 

9 

A 

-24 

523 

90 

48 

15 

T 

250 

61 

C 

-35 

390 

95 

48 

26 

15 

250 

24 

-19 

28 

6 

200 

11 

A 

-26 

555 

84 

60 

15 

200 

54 

C 

-38 

470 

81 

57 

T 

A 

447 

84 

49 

6 

150 

13 

A 

-27 

618 

70 

56 

c 

8 

16 

7 

8 

8 

K 

150 

122 

118 

116 

51 

42 

48 

45 

C 

B 

B 

B 

-45 

33 

32 

31 

544 

585 

585 

694 

67 

93 

93 

91 

49 

43 

39 

39 

d 

d 

48 

16 

16 

5 

5 

6 

K 

200 

150 

250 

200 

150 

21 

25 

36 

35 

32 

A 

A 

B 

B 

B 

-21 

-22 

45 

44 

32 

511 

583 

400 

470 

553 

74 

62 

166 

137 

102 

41 

46 

48 

48 

SO 

b 

b 

47 

14 

13 

13 

15 

5 

M 

K 

220 

200 

150 

249 

36 

35 

32 

7 

A 

A 

A 

A 

28 

26 

22 

-26 

446 

484 

569 

507 

114 

105 

82 

97 

47 

49 

54 

62 

b 

13 

M 

251 

30 

A 

0 

431 

100 

42 

44 

6 

200 

8 

A 

-25 

561 

83 

53 

14 

200 

30 

A 

-1 

494 

86 

38 

27 

16 

T 

176 

152 

D 

100 

397 

135 

40 

6 

150 

26 

A 

-36 

583 

74 

51 

c 

15 

150 

30 

A 

0 

567 

70 

38 

b 

16 

150 

151 

D 

86 

446 

112 

42 

15 

13 

M 

220 

31 

A 

26 

462 

114 

57 

15 

250 

66 

-43 

394 

90 

43 

17 

140 

146 

D 

80 

474 

103 

48 

c 

13 

200 

32 

A 

26 

489 

106 

53 

T 

C 

53 

5 

K 

220 

48 

C 

109 

394 

226 

41 

14 

180 

34 

A 

33 

515 

102 

57 

c 

15 

200 

66 

C 

-50 

463 

76 

53 

5 

200 

50 

c 

107 

425 

208 

44 

5 

K 

220 

8 

A 

-23 

528 

90 

49 

16 

K 

150 

52 

C 

-45 

546 

67 

51 

c 

6 

180 

52 

c 

101 

453 

188 

45 

c 

43 

6 

200 

9 

A 

-24 

549 

84 

43 

5 

250 

33 

B 

27 

414 

147 

51 

28 

6 

K 

170 

46 

c 

47 

502 

130 

58 

6 

180 

9 

A 

-22 

573 

78 

42 

c 

5 

200 

36 

B 

29 

474 

125 

45 

6 

160 

47 

c 

47 

510 

124 

46 

16 

13 

M 

220 

26 

A 

0 

488 

94 

61 

6 

150 

37 

B 

25 

546 

99 

45 

c 

46 

6 

150 

49 

c 

48 

521 

121 

42 

d 

49 

13 

200 

24 

A 

-7 

517 

84 

54 

47 

29 

5 

K 

250 

27 

B 

21 

415 

136 

86 

15 

150 

22 

A 

-13 

592 

64 

52 

d 

9 

14 

M 

220 

15 

A 

-30 

512 

73 

40 

6 

200 

29 

B 

17 

483 

112 

42 

15 

T 

250 

31 

B 

-84 

440 

90 

59 

14 

200 

14 

A 

-31 

543 

68 

46 

6 

150 

34 

B 

17 

581 

94 

43 

c 

40 

16 

200 

31 

B 

-87 

497 

79 

48 

14 

180 

14 

A 

-31 

573 

64 

47 

c 

44 

43 

17 

150 

34 

B- 

103 

665 

64 

50 

c 

10 

13 

M 

250 

5 

A 

-38 

511 

76 

37 

8  2 

13 

M 

220 

22 

A 

-30 

498 

70 

43 

55 

14 

200 

4 

A 

-41 

575 

55 

41 

14 

200 

22 

A 

-27 

518 

68 

36 

6 

K 

200 

30 

B 

18 

483 

113 

45 

15 

150 

3 

A 

-39 

649 

54 

50 

c 

14 

180 

20 

A 

-31 

554 

63 

43 

c 

6 

180 

34 

B 

13 

517 

104 

52 

63 

15 

T 

250 

85 

D 

43 

350 

127 

43 

6 

150 

32 

B 

12 

558 

90 

47 

c 

15 

T 

250 

10 

A 

-6 

469 

112 

49 

16 

200 

84 

D 

45 

417 

111 

38 

c 

40 

17 

13 

M 

220 

12 

A 

-32 

530 

72 

54 

15 

200 

10 

A 

-7 

534 

96 

50 

3 

13 

M 

250 

34 

A 

-23 

445 

76 

54 

13 

200 

11 

A 

-36 

561 

66 

57 

16 

K 

150 

9 

A 

-10 

604 

81 

41 

c 

14 

200 

31 

A 

-29 

513 

64 

56 

15 

150 

10 

A 

-35 

620 

53 

42 

d 

5 

200 

8 

A 

-29 

559 

81 

52 

15 

150 

31 

A 

-25 

580 

54 

46 

c 

52 

15 

T 

250 

42 

B 

-22 

394 

119 

43 

6 

180 

9 

A 

-33 

574 

74 

42 

4 

13 

M 

220 

23 

A 

-32 

496 

69 

46 

16 

200 

41 

B 

-35 

469 

100 

48 

6 

150 

8 

A 

-36 

628 

64 

56 

d 

47 

14 

200 

22 

A 

-33 

524 

65 

44 

16 

171 

41 

B 

-23 

505 

96 

40 

c 

13 

13 

M 

248 

20 

A 

-27 

472 

80 

49 

14 

180 

22 

A 

-34 

558 

61 

51 

b 

5 

K 

250 

48 

C 

29 

398 

158 

62 

14 

200 

19 

A 

-28 

539 

69 

59 

[45 

15 

T 

250 

40 

B 

-86 

423 

92 

52 

6 

199 

46 

C 

31 

461 

132 

51 

15 

150 

17 

A 

-28 

597 

55 

43 

d 

|50 

16 

200 

36 

B 

-96 

498 

77 

58 

^43 

6 

150 

49 

C 

29 

532 

107 

50 

c 

53 

17 

150 

34 

B 

-95 

568 

67 

51 

d 

■jso 

45 

4,8 

50 


55 


[49 

)47 


\4i 

jsa 


51 


50 


140 


ANNALS  OF  THE  ASTROPHYSICAL  OBSERVATORY 


Table  24 

Determinations 

of 

the  solar 

constant 

of  radiation 

,  1923  to  1939- 

-Continued 

TJ 

C 

C 

a 

e 

0 

cj 

*0 

hj 

£Z 

a 

c 

0 

0 

C 

h- 

c 

a 

tr 

0 

a> 

o 

44 

s 

tj 

-a 

to 

OJ 

s 

O 

2 

tj 

c 

<U 

•O 

to 

O) 

0 

s 

0 

d 

d 

at 

■0 

o 

O 

cu 

•d 

to 

d 

(tJ 

0 

0 

CTJ 

*d 

ci 

lo 

0 

c 

V. 

d 

CO 

Q 

to 

< 

x' 

u. 

X 

CL 

to 

O 

X 

0 

to 

< 

x' 

Ll 

6? 

X 

t/i 

0 

0 

to 

< 

X 

LL 

X 

X 

i/i 

1935 

1935 

1935 

18 

13 

M 

220 

10 

A 

-33 

540 

73 

54 

5 

15 

T 

250 

99 

D 

69 

327 

152 

40 

16 

13 

M 

200 

44 

A 

-9 

471 

74 

25 

13 

200 

9 

A 

-35 

566 

67 

58 

16 

200 

104 

D 

73 

390 

136 

39 

13 

180 

41 

A 

-11 

520 

69 

47 

14 

150 

7 

A 

-37 

637 

54 

54 

b 

17 

150 

115 

D 

70 

463 

111 

41 

c 

14 

150 

36 

A 

-13 

566 

59 

43 

P 

15 

T 

250 

20 

A 

39 

423 

156 

52 

5 

l< 

250 

10 

A 

-14 

496 

105 

71 

16 

T 

250 

81 

D 

22 

376 

98 

42 

16 

200 

19 

A 

27 

497 

125 

50 

6 

200 

10 

A 

-19 

553 

87 

56 

(50 

16 

200 

82 

D 

21 

445 

85 

44 

17 

150 

20 

A 

5 

575 

88 

44 

d 

7 

150 

11 

A 

-33 

620 

67 

54 

P 

[47 

17 

150 

83 

D 

15 

516 

68 

44 

b 

7 

K 

128 

56 

C 

75 

559 

129 

57 

53 

6 

K 

200 

35 

B 

26 

493 

123 

69 

7 

123 

49 

C 

71 

561 

120 

38 

6 

13 

M 

200 

15 

A 

-20 

536 

77 

49 

6 

190 

31 

B 

29 

504 

114 

58 

8 

120 

51 

C 

67 

570 

117 

45 

P 

50 

13 

180 

15 

A 

-20 

563 

72 

48 

7 

150 

35 

B 

15 

555 

93 

48 

P 

19 

13 

M 

250 

10 

A 

-35 

496 

76 

42 

14 

150 

15 

A 

-17 

605 

63 

48 

c 

17 

13 

M 

200 

53 

B 

16 

462 

85 

36 

13 

200 

9 

A 

-38 

568 

65 

51 

15 

T 

250 

13 

A 

-22 

470 

89 

55 

13 

180 

48 

B 

13 

494 

79 

33 

14 

150 

8 

A 

-37 

636 

63 

57 

c 

16 

200 

13 

A 

-23 

537 

78 

52 

14 

156 

46 

B 

11 

540 

69 

43 

d 

15 

T 

250 

27 

B 

-88 

441 

89 

47 

17 

150 

12 

A 

-25 

599 

67 

39 

d 

16 

T 

250 

94 

D 

43 

351 

121 

41 

16 

200 

30 

B 

-93 

501 

77 

47 

55 

16 

200 

96 

D 

41 

421 

103 

44 

17 

150 

31 

B 

-92 

569 

67 

45 

b 

5 

K 

250 

7 

A 

-19 

502 

101 

54 

17 

150 

102 

D. 

44 

487 

89 

36 

c 

5 

K 

249 

32 

B 

82 

405 

200 

64 

6 

200 

7 

A 

-22 

560 

85 

46 

5 

K 

250 

4 

A 

-33 

520 

90 

52 

6 

200 

36 

B 

93 

457 

177 

49 

7 

150 

8 

A 

-29 

629 

67 

47 

d 

49 

6 

201 

4 

A 

-36 

579 

77 

52 

7 

150 

40 

B 

100 

536 

148 

57 

d 

51 

48 

7 

150 

6 

A 

-47 

636 

60 

47 

b 

20 

13 

M 

220 

12 

A 

-27 

529 

76 

49 

7 

13 

M 

200 

21 

A 

7 

504 

94 

28 

18 

12 

M 

250 

54 

B 

12 

396 

93 

37 

13 

200 

11 

A 

-28 

553 

72 

50 

13 

180 

22 

A 

5 

528 

88 

30 

13 

200 

49 

B 

7 

467 

79 

32 

14 

150 

12 

A 

-31 

622 

55 

52 

a 

50 

14 

150 

19 

A 

6 

582 

76 

40 

d 

14 

K 

150 

50 

B 

10 

550 

65 

48 

d 

23 

13 

M 

220 

10 

A 

-32 

532 

74 

48 

15 

T 

250 

13 

A 

-24 

470 

87 

45 

5 

249 

13 

A 

-29 

480 

98 

52 

13 

200 

9 

A 

-35 

564 

67 

51 

16 

200 

14 

A 

-24 

532 

76 

45 

6 

200 

16 

A 

-28 

536 

86 

55 

14 

150 

9 

A 

-31 

623 

56 

41 

c 

47 

17 

K 

150 

19 

A 

-23 

589 

64 

43 

b 

7 

150 

16 

A 

-37 

595 

68 

44 

c 

M 

5 

220 

13 

A 

-33 

524 

88 

63 

39 

24 

13 

249 

15 

A 

-36 

486 

74 

46 

6 

200 

14 

A 

-32 

550 

83 

67 

(49 

19 

12 

M 

250 

49 

B 

12 

412 

96 

51 

13 

200 

15 

A 

-36 

544 

65 

43 

6 

188 

13 

A 

-33 

565 

79 

65 

b 

[47 

13 

200 

51 

B 

8 

479 

80 

51 

14 

150 

16 

A 

-33 

606 

53 

44 

a 

44 

8 

15 

T 

250 

58 

C 

119 

330 

206 

26 

14 

150 

47 

B 

8 

553 

65 

46 

c 

M 

51 

16 

200 

55 

C 

124 

398 

180 

20 

6 

K 

200 

10 

A 

-38 

555 

78 

49 

25 

13 

220 

15 

A 

-30 

517 

73 

46 

17 

150 

55 

C 

113 

489 

145 

27 

d 

7 

142 

11 

A 

-44 

627 

61 

51 

13 

200 

14 

A 

-30 

546 

69 

52 

46 

8 

K 

126 

33 

B 

-10 

604 

69 

49 

7 

138 

12 

A 

-41 

638 

60 

58 

c 

14 

180 

14 

A 

-33 

570 

63 

41 

c 

8 

122 

34 

B 

-14 

611 

66 

51 

(45 

20 

5 

K 

251 

15 

A 

-36 

473 

96 

54 

26 

13 

M 

220 

12 

A 

-32 

528 

72 

50 

8 

120 

36 

B 

-12 

615 

66 

52 

c 

[42 

6 

200 

14 

A 

-37 

536 

81 

50 

13 

189 

10 

A 

-37 

566 

65 

38 

(48 

9 

15 

T 

250 

64 

C 

72 

342 

172 

34 

7 

150 

15 

A 

-49 

606 

63 

45 

c 

14 

150 

9 

A 

-36 

627 

53 

43 

c 

(44 

16 

196 

62 

C 

64 

420 

144 

27 

45 

27 

13 

M 

250 

14 

A 

-33 

485 

76 

44 

17 

150 

63 

C 

68 

490 

126 

33 

d 

21 

16 

T 

256 

184 

D 

119 

254 

176 

51 

13 

220 

15 

A 

-34 

525 

70 

53 

7 

K 

130 

39 

B 

-8 

591 

73 

49 

16 

200 

192 

D 

122 

333 

151 

37 

13 

200 

16 

A 

-35 

551 

65 

51 

c 

8 

125 

44 

B 

-11 

588 

72 

40 

(45 

16 

180 

191 

D 

117 

374 

138 

47 

p 

6 

K 

200 

42 

B 

136 

437 

215 

43 

8 

121 

46 

B 

-16 

595 

69 

43 

c 

(40 

6 

K 

220 

15 

A 

-31 

510 

90 

49 

6 

187 

42 

B 

165 

449 

226 

46 

10 

15 

T 

250 

61 

C 

76 

334 

174 

21 

6 

200 

14 

A 

-28 

534 

85 

48 

6 

156 

47 

B 

212 

489 

228 

54 

d 

49 

17 

150 

63 

C 

63 

494 

124 

39 

6 

190 

12 

A 

-23 

554 

83 

48 

b 

28 

13 

M 

220 

9 

A 

-34 

540 

72 

50 

17 

143 

66 

C 

61 

504 

121 

35 

d 

23 

16 

T 

251 

104 

D 

66 

319 

146 

28 

13 

200 

8 

A 

-36 

566 

67 

53 

(48 

5 

K 

249 

29 

B 

12 

434 

128 

62 

16 

206 

103 

D 

70 

383 

135 

43 

14 

180 

9 

A 

-35 

593 

63 

55 

b 

(53 

6 

199 

28 

B 

7 

502 

104 

59 

17 

150 

99 

D 

57 

473 

104 

28 

P 

29 

13 

M 

200 

10 

A 

-32 

551 

70 

39 

7 

150 

34 

B 

4 

567 

86 

60 

c 

46 

43 

14 

180 

10 

A 

-33 

575 

65 

39 

(47 

62 

25 

16 

T 

250 

137 

D 

104 

279 

180 

34 

14 

150 

9 

A 

-31 

621 

56 

41 

d 

(40 

11 

15 

T 

250 

76 

D 

36 

365 

120 

41 

16 

200 

137 

D 

101 

353 

153 

33 

30 

13 

M 

200 

13 

A 

-31 

538 

69 

32 

16 

200 

86 

D 

38 

430 

104 

50 

d 

26 

17 

K 

150 

132 

D 

98 

438 

130 

41 

d 

14 

180 

14 

A 

-31 

571 

64 

49 

6 

K 

200 

36 

B 

-5 

487 

98 

49 

8 

120 

40 

B 

-37 

611 

53 

50 

14 

150 

13 

A 

-31 

616 

55 

47 

p 

6 

180 

37 

B 

-3 

514 

92 

49 

9 

118 

42 

B 

-42 

617 

51 

48 

5 

K 

250 

29 

B 

35 

410 

151 

35 

6 

170 

41 

B 

-1 

528 

92 

49 

b 

47 

9 

117 

38 

B 

-38 

614 

52 

48 

c 

6 

200 

29 

B 

33 

490 

125 

58 

(49 

12 

14 

M 

160 

57 

B 

12 

530 

67 

51 

27 

16 

T 

251 

80 

D 

88 

311 

191 

34 

7 

150 

34 

B 

36 

557 

106 

54 

p 

(46 

14 

140 

55 

B 

10 

561 

60 

46 

16 

200 

76 

D 

79 

399 

158 

39 

39 

15 

134 

52 

B 

10 

571 

57 

35 

d 

17 

150 

70 

D 

64 

483 

122 

42 

d 

31 

13 

M 

244 

12 

A 

-36 

501 

74 

49 

15 

T 

251 

116 

D 

44 

341 

109 

42 

6 

K 

200 

31 

B 

-20 

492 

84 

41 

13 

199 

12 

A 

-36 

558 

65 

49 

(46 

16 

200 

113 

D 

37 

413 

90 

39 

6 

180 

36 

B 

-22 

526 

78 

44 

14 

150 

11 

A 

-34 

621 

54 

45 

d 

(48 

17 

150 

108 

D 

32 

491 

75 

36 

c 

7 

M 

150 

33 

B 

-25 

571 

66 

49 

c 

61 

43 

28 

13 

200 

21 

A 

-8 

519 

83 

53 

15 

250 

86 

366 

6 

K 

200 

8 

A 

-21 

568 

85 

62 

13 

180 

22 

A 

-9 

543 

77 

46 

9  1 

T 

D 

29 

105 

48 

& 

6 

180 

8 

A 

-23 

596 

78 

57 

13 

150 

21 

A 

-6 

587 

67 

43 

d 

16 

200 

92 

D 

35 

422 

98 

41 

6 

170 

8 

A 

-23 

604 

75 

49 

c 

46 

6 

K 

200 

55 

C 

65 

439 

171 

50 

17 

150 

109 

D 

54 

475 

97 

33 

d 

(41 

13 

13 

M 

200 

68 

B 

6 

468 

69 

54 

6 

180 

54 

C 

64 

472 

157 

53 

2 

15 

T 

250 

100 

D 

60 

325 

139 

31 

13 

180 

68 

B 

5 

497 

64 

55 

7 

150 

58 

C 

60 

508 

135 

42 

d 

16 

200 

110 

D 

71 

391 

131 

41 

14 

150 

68 

B 

13 

542 

60 

56 

c 

29 

6 

K 

200 

17 

A 

-25 

535 

88 

62 

17 

K 

150 

107 

D 

81 

455 

125 

37 

d 

16 

T 

250 

92 

D 

30 

363 

105 

40 

6 

180 

17 

A 

-27 

559 

81 

53 

5 

249 

52 

C 

37 

390 

170 

60 

16 

200 

90 

D 

28 

428 

90 

37 

7 

150 

19 

A 

-32 

592 

71 

SO 

d 

6 

200 

50 

C 

34 

457 

137 

52 

17 

150 

93 

D 

22 

505 

72 

41 

c 

30 

13 

M 

200 

12 

A 

-4 

526 

90 

35 

7 

150 

55 

C 

31 

521 

111 

47 

d 

44 

6 

K 

200 

28 

B 

7 

492 

104 

47 

13 

180 

10 

A 

-13 

561 

79 

32 

33 

6 

180 

30 

B 

9 

522 

98 

59 

13 

150 

10 

A 

-12 

604 

68 

36 

d 

3 

15 

T 

250 

113 

D 

80 

311 

162 

41 

6 

170 

33 

B 

6 

538 

94 

57 

c 

49 

6 

l< 

200 

13 

A 

-49 

539 

75 

46 

16 

200 

120 

D 

81 

379 

138 

41 

14 

13 

M 

200 

52 

B 

1 

473 

72 

41 

6 

180 

13 

A 

-49 

566 

69 

41 

17 

150 

129 

D 

96 

447 

126 

44 

c 

13 

180 

49 

B 

-2 

505 

67 

41 

7 

150 

12 

A 

-52 

610 

60 

42 

c 

5 

K 

249 

10 

A 

-23 

497 

99 

66 

14 

150 

48 

B 

1 

549 

58 

38 

c 

10  1 

6 

K 

200 

14 

A 

-50 

540 

75 

44 

6 

200 

11 

A 

-29 

540 

83 

43 

6 

K 

200 

49 

C 

131 

412 

232 

41 

6 

180 

14 

A 

-50 

568 

69 

44 

7 

150 

11 

A 

-35 

614 

66 

50 

P 

48 

6 

180 

55 

C 

120 

447 

208 

44 

(48 

7 

150 

13 

A 

-53 

610 

60 

45 

b 

38 

6 

170 

59 

C 

123 

465 

201 

50 

c 

[42 

2 

16 

T 

250 

22 

A 

-11 

453 

94 

54 

4 

13 

M 

200 

19 

A 

-23 

528 

73 

43 

15 

12 

M 

250 

62 

B 

22 

379 

100 

28 

16 

200 

22 

A 

-12 

520 

83 

54 

13 

180 

17 

A 

-26 

559 

67 

49 

13 

200 

58 

B 

17 

454 

84 

30 

17 

180 

22 

A 

-16 

543 

75 

47 

d 

14 

150 

17 

A 

-22 

601 

59 

43 

d 

14 

150 

54 

B 

15 

540 

67 

40 

d 

3 

13 

M 

200 

12 

A 

-28 

541 

71 

32 

15 

T 

250 

98 

D 

61 

331 

143 

31 

46 

13 

180 

12 

A 

-31 

572 

65 

33 

16 

200 

100 

D 

59 

406 

122 

44 

d 

16 

T 

250 

101 

D 

20 

373 

84 

52 

13 

150 

11 

A 

-25 

617 

59 

42 

d 

5 

K 

249 

12 

A 

-19 

478 

103 

53 

16 

180 

98 

D 

15 

468 

67 

48 

16 

T 

250 

31 

B 

-89 

438 

88 

56 

6 

200 

12 

A 

-25 

538 

85 

47 

(45 

17 

150 

100 

D 

18 

513 

63 

51 

d 

16 

200 

31 

B 

-95 

503 

76 

49 

7 

150 

18 

A 

-22 

588 

74 

45 

c 

[43 

8 

K 

129 

50 

C 

82 

550 

131 

49 

18 

150 

33 

B- 

-107 

564 

62 

41 

d 

45 

8 

125 

50 

C 

76 

563 

124 

55 

d 

45 

55 

d> 

tn 

-a 

CL 


46 


{ 


50 

45 


51 

50 


t 


(49 

[47 

U8 

(55 

Ua 

[40 

f  46 
(44 

(49 

\52 

(46 

[43 


ANNALS  OF  THE  ASTROPH YSICAL  OBSERVATORY 


141 


Table  24. — Determinations  of  the  solar  constant  of  radiation ,  1923  to  1939 — Continued 
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544 

76 

37 

c 

5 

17 

T 

250 

12 

A 

-14 

465 

93 

40 

7 

K 

200 

36 

B 

-41 

498 

69 

43 

6 

250 

47 

C 

41 

394 

170 

60 

(48 

(42 

17 

200 

12 

A 

-19 

530 

84 

44 

7 

180 

39 

B 

-39 

520 

66 

53 

6 

6 

220 

200 

49 

54 

C 

C 

48 

54 

419 

445 

165 

160 

47 

55 

d 

18 

K 

180 

12 

A 

-19 

557 

79 

39 

b 

21 

8 

K 

170 

38 

B 

-39 

534 

63 

42 

c 

48 

6 

220 

41 

B 

-9 

457 

106 

59 

6 

250 

17 

A 

-69 

468 

78 

39 

21 

12 

M 

220 

31 

A 

12 

459 

102 

36 

7 

200 

40 

B 

-12 

483 

95 

48 

(48 

7 

199 

17 

A 

-73 

531 

66 

43 

(43 

12 

200 

30 

A 

8 

487 

93 

31 

8 

150 

47 

C 

1 

544 

85 

42 

d 

{45 

9 

150 

22 

A 

-73 

593 

58 

45 

c 

{42 

14 

133 

26 

A 

8 

589 

68 

26 

d 

6 

17 

T 

250 

18 

A 

-19 

454 

88 

40 

32 

16 

T 

250 

25 

A 

-17 

454 

86 

56 

17 

200 

19 

A 

-18 

516 

79 

39 

(48 

22 

12 

M 

200 

78 

C 

112 

421 

151 

60 

17 

200 

25 

A 

-17 

515 

76 

51 

d 

18 

180 

19 

A 

-20 

540 

73 

37 

b 

(39 

12 

180 

80 

C 

114 

452 

140 

59 

K 

60 

8 

17 

T 

250 

70 

C 

-46 

391 

89 

51 

13 

150 

75 

C 

109 

500 

117 

48 

d 

6 

220 

20 

A 

-17 

456 

102 

58 

17 

200 

66 

C 

-46 

460 

78 

56 

6 

K 

250 

12 

A 

-58 

485 

80 

53 

6 

200 

19 

A 

-16 

520 

93 

47 

(S, 

18 

180 

62 

C 

-52 

493 

71 

S3 

c 

8 

180 

14 

A 

-59 

568 

65 

55 

7 

180 

19 

A 

-23 

548 

85 

50 

d 

{45 

6 

K 

250 

29 

B 

-14 

440 

98 

49 

8 

170 

14 

A 

-56 

579 

63 

44 

c 

S3 

22 

16 

T 

250 

19 

A 

-16 

451 

91 

43 

7 

200 

28 

B 

-16 

515 

82 

66 

23 

12 

M 

220 

76 

C 

76 

407 

140 

67 

17 

200 

18 

A 

-16 

517 

81 

40 

8 

150 

30 

B 

-12 

570 

71 

45 

P 

53 

12 

200 

72 

B 

73 

436 

128 

57 

18 

150 

21 

A 

-12 

584 

73 

36 

c 

9 

6 

K 

250 

26 

B 

-18 

456 

97 

58 

13 

150 

68 

B 

73 

516 

103 

51 

d 

6 

K 

220 

31 

B 

i? 

473 

101 

54 

7 

200 

26 

B 

-20 

520 

81 

58 

7 

K 

200 

20 

A 

-68 

530 

71 

50 

6 

200 

32 

B 

—8 

502 

95 

58 

8 

150 

26 

B 

-21 

577 

66 

42 

d 

53 

8 

180 

21 

A 

-65 

558 

67 

SO 

(51 

7 

180 

36 

B 

-9 

524 

87 

57 

c 

48 

37 

8 

170 

20 

A 

-64 

572 

64 

55 

c 

54 

142 
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Table  24. — Determinations  of  the  solar  constant  of  radiation,  1923  to  1939 — Continued 


T3 

e 

<u 

c 

0 

% 

S 

c 

0 

d 

01 

■0 

0 

(/> 

re 

O 

c 

L 

0 

PS 

"d 

O 

O 

LO 

< 

X 

Li. 

cl 

CL 

ISl 

0 

CL 

1935 

24 

12 

M 

250 

58 

B 

59 

384 

142 

62 

12 

220 

58 

B 

57 

427 

128 

57 

12 

200 

55 

B 

52 

455 

117 

53 

d 

7 

K 

200 

21 

A 

-67 

502 

72 

46 

8 

180 

21 

A 

-65 

530 

67 

49 

iso 

8 

169 

22 

A 

-64 

538 

65 

47 

c 

(52 

25 

12 

M 

220 

49 

B 

35 

440 

111 

48 

12 

200 

48 

B 

33 

470 

102 

52 

13 

150 

42 

A 

23 

547 

79 

46 

c 

7 

l< 

200 

22 

A 

-70 

521 

71 

45 

8 

180 

27 

B 

-30 

550 

67 

53 

C51 

8 

170 

28 

B 

-30 

564 

65 

53 

b 

(50 

26 

17 

T 

250 

17 

A 

-5 

455 

106 

53 

18 

200 

18 

A 

-7 

517 

90 

52 

c 

52 

64 

27 

12 

M 

220 

81 

C 

86 

397 

147 

64 

12 

200 

73 

B 

77 

435 

132 

57 

13 

150 

61 

B 

58 

528 

95 

54 

p 

17 

T 

25Q 

41 

B 

-71 

413 

98 

46 

18 

200 

40 

B 

-72 

480 

87 

50 

18 

190 

38 

B 

-74 

493 

84 

44. 

b 

51 

28 

12 

M 

220 

34 

A 

2 

470 

92 

55 

12 

200 

31 

A 

0 

499 

86 

45 

13 

150 

30 

A 

-4 

571 

67 

43 

c 

17 

T 

250 

31 

B 

-67 

429 

96 

43 

18 

200 

29 

B 

-75 

498 

83 

43 

18 

190 

29 

B 

-77 

514 

30 

44 

a 

46 

29 

12 

M 

220 

34 

A 

21 

456 

108 

47 

12 

200 

32 

A 

18 

482 

100 

43 

(  18 

13 

150 

34 

A 

25 

556 

83 

41 

c 

jl.4 

30 

12 

M 

220 

27 

A 

9 

470 

101 

46 

12 

200 

24 

A 

5 

500 

93 

42 

13 

150 

23 

A 

4 

578 

74 

41 

c 

20 

T 

180 

54 

C 

-25 

495 

84 

51 

20 

180 

53 

C 

-25 

499 

84 

51 

20 

180 

56 

C 

-23 

493 

86 

50 

d 

46 

1 

12 

M 

220 

52 

B 

70 

413 

144 

34 

12 

200 

52 

B 

71 

444 

134 

36 

13 

150 

43 

A 

65 

525 

104 

37 

d 

17 

T 

250 

46 

C 

-40 

414 

90 

51 

18 

220 

49 

C 

-37 

453 

86 

52 

f  50 

18 

200 

48 

C 

-33 

473 

84 

46 

c 

(44 

4 

12 

M 

220 

74 

B 

93 

383 

158 

32 

\49 

12 

200 

74 

B 

98 

415 

151 

41 

13 

150 

70 

B 

97 

495 

119 

35 

P 

(36 

5 

7 

K 

200 

16 

A 

-35 

537 

■  82 

49 

8 

185 

16 

A 

-35 

552 

78 

49 

8 

175 

15 

A 

-33 

567 

75 

59 

c 

52 

6 

7 

K 

220 

19 

A 

-43 

508 

85 

57 

7 

200 

19 

A 

-43 

534 

81 

59 

8 

186 

19 

A 

-45 

549 

76 

56 

b 

57 

8 

17 

T 

250 

48 

B 

-98 

409 

91 

44 

18 

200 

43 

B 

-94 

480 

80 

51 

c 

9 

K 

160 

52 

C 

-19 

535 

76 

55 

9 

159 

50 

C 

-18 

538 

75 

58 

10 

159 

51 

C 

-18 

536 

76 

53 

c 

51 

9 

12 

M 

220 

32 

A 

23 

456 

111 

47 

12 

200 

32 

A 

23 

487 

103 

53 

13 

150 

28 

A 

18 

566 

81 

45 

c 

48 

10 

12 

M 

180 

20 

A 

3 

544 

87 

46 

13 

160 

19 

A 

5 

572 

80 

43 

13 

150 

19 

A 

5 

591 

75 

48 

c 

46 

11 

12 

M 

250 

20 

A 

7 

450 

111 

52 

12 

200 

19 

A 

5 

516 

94 

51 

13 

149 

18 

A 

2 

592 

74 

49 

c 

51 

45 

12 

12 

M 

200 

19 

A 

2 

516 

92 

46 

12 

180 

18 

A 

-1 

546 

84 

43 

(48 

13 

150 

16 

A 

-6 

596 

69 

43 

c 

(44 

13 

17 

T 

251 

16 

A 

-25 

458 

84 

41 

19 

200 

17 

A 

-24 

527 

74 

48 

c 

45 

57 

14 

17 

T 

250 

23 

A 

-9 

447 

95 

50 

18 

220 

22 

A 

-13 

483 

86 

45 

19 

200 

22 

A 

-15 

513 

80 

47 

c 

8 

K 

200 

18 

A 

-48 

532 

78 

55 

8 

188 

17 

A 

-42 

549 

77 

54 

8 

180 

18 

A 

-44 

559 

74 

54 

c 

50 

16 

12 

M 

200 

61 

B 

123 

407 

179 

28 

12 

180 

60 

B 

122 

447 

162 

34 

13 

150 

59 

B 

114 

505 

136 

45 

p 

17 

T 

250 

9 

A 

23 

464 

146 

52 

18 

220 

10 

A 

25 

501 

136 

53 

(SO 

18 

210 

10 

A 

26 

510 

134 

49 

d 

(46 

Date  and 
G.M.T. 

Station 

Air  Mass 

X 

Function 

•C 

CL 

Pyrn. 

S.C. 

Grade 

Pfd.  S.C.a 

1935 

17  8 

K 

200 

19 

A  -27 

531 

88 

63 

8 

188 

17 

A  -25 

546 

85 

55 

(48 

8 

180 

18  A  -24 

556 

83 

60 

d 

(59 

18  17 

T 

250 

14 

A  21 

444 

138 

49 

18 

220 

14  A  14 

483 

121 

44 

18 

210 

15 

A  13 

495 

117 

39 

d 

7 

K 

232 

11 

A  -40 

516 

85 

56 

7 

212 

11 

A  -42 

542 

80 

58 

(46 

8 

200 

11 

A  -42 

561 

76 

59 

c 

(49 

19  7 

K 

220 

13 

A  -46 

528 

81 

59 

8 

200 

13 

A  -46 

547 

76 

57 

(48 

8 

180 

13 

A  -42 

576 

72 

60 

b 

(59 

20  7 

K 

220 

12 

A  -41 

522 

83 

60 

7 

213 

13 

A  -42 

533 

81 

58 

(48 

8 

200 

13 

A  -40 

552 

79 

57 

c 

(58 

21  20 

T 

188 

82 

D  19 

463 

80 

43 

20 

188 

81 

D  18 

461 

80 

44 

20 

188 

74 

D  16 

464 

81 

47 

d 

45 

22  18 

T 

250 

46 

C  -45 

409 

87 

40 

19 

200 

46 

C  -40 

479 

80 

50 

d 

56 

7 

K 

220 

22 

A  -55 

500 

83 

55 

8 

200 

21 

A  -56 

526 

77 

52 

(45 

8 

180 

22 

A  -53 

554 

73 

57 

b 

(50 

23  20 

T 

189 

42 

B— 101 

497 

184 

47 

20 

190 

43 

B— 103 

499 

184 

52 

20 

192 

43 

B-100 

495 

185 

53 

d 

7 

l< 

220 

16 

A  -50 

514 

80 

51 

8 

200 

16 

A  -50 

540 

76 

54 

(50 

8 

180 

17 

A  -51 

568 

70 

61 

c 

\ss 

24  18 

T 

250 

15 

A  -21 

464 

89 

41 

18 

210 

15 

A  -21 

515 

81 

41 

19 

200 

14 

A  -23 

527 

77 

39 

d 

7 

K 

220 

42 

B  -35 

465 

82 

60 

8 

200 

42 

B  -36 

494 

77 

56 

\53 

8 

180 

43 

B  -35 

521 

73 

62 

c 

(49 

27  7 

K 

229 

22 

A  -48 

485 

88 

58 

7 

210 

22 

A  -51 

509 

82 

55 

8 

200 

22 

A  -51 

523 

80 

52 

c 

55 

28  7 

K 

249 

48 

C  -27 

420 

91 

66 

(58 

8 

200 

47 

C  -26 

484 

78 

63 

d 

(61 

48 

29  7 

K 

220 

27 

B  -6 

479 

100 

60 

7 

210 

30 

B  -11 

487 

93 

59 

8 

200 

29 

B  -11 

504 

90 

60 

b 

60 

30  7 

l< 

220 

25 

B  -23 

493 

83 

63 

7 

210 

25 

B  -23 

504 

80 

60 

8 

200 

25 

B  -23 

518 

78 

61 

b 

61 

31  12 

M 

220 

36 

A  44 

446 

127 

49 

12 

200 

32 

A  40 

470 

117 

32 

(52 

13 

150 

33 

A  45 

553 

96 

40 

P 

(40 

1936 

1  7 

l< 

220 

10 

A  -36 

535 

84 

S3 

7 

210 

10 

A  -36 

540 

81 

45 

(47 

8 

200 

11 

A  -37 

551 

79 

53 

c 

(50 

2  12 

M 

220 

90 

C  200 

357 

221 

53 

12 

200 

88 

C  207 

384 

205 

43 

(48 

13 

150 

85 

C  211 

474 

163 

41 

d 

(46 

3  12 

M 

220 

97 

C  200 

344 

220 

39 

12 

200 

96 

C  199 

380 

202 

43 

13 

150 

91 

C  195 

468 

158 

38 

d 

18 

T 

250 

57 

C  -54 

404 

83 

49 

18 

216 

65 

C  -57 

445 

75 

53 

19 

200 

60 

C  -54 

464 

73 

46 

c 

7 

K 

220 

24 

A  -60 

496 

83 

56 

7 

210 

24 

A  -55 

507 

82 

55 

(47 

8 

200 

24 

A  -55 

522 

80 

60 

c 

(49 

4  12 

M 

250 

63 

B  91 

356 

175 

40 

12 

200 

59 

B  92 

425 

152 

35 

Col 

13 

150 

57 

B  93 

516 

117 

33 

d 

(36 

5  12 

M 

220 

82 

C  138 

368 

181 

35 

12 

200 

80 

C  130 

398 

161 

33 

13 

150 

60 

B  82 

508 

112 

33 

d 

7 

K 

220 

19 

A  -58 

503 

79 

52 

7 

210 

20 

A  -59 

515 

77 

56 

8 

200 

20 

A  -59 

527 

75 

56 

b 

48 

6  12 

M 

220 

60 

B  74 

400 

146 

34 

12 

200 

55 

B  67 

430 

131 

22 

13 

180 

52 

B  59 

472 

115 

33 

P 

18 

T 

250 

24 

A  -4 

435 

101 

51 

(50 

19 

200 

23 

A  -4 

500 

90 

55 

c 

(45 

7  12 

M 

220 

60 

B  96 

390 

168 

41 

12 

200 

59 

B  99 

424 

158 

38 

(53 

13 

150 

47 

B  90 

518 

122 

42 

d 

(40 

*0 

c 

c 

re 

u 

r3 

G.M.T 

re 

0 

re 

S 

O 

O 

c 

I  =3 

•re 

c 

O 

Cl 

-a 

re 

0 

</> 

•d 

O 

Cn 

< 

sf 

LL 

Q. 

a ? 

to 

O 

CL 

1936 

8 

7 

K 

220 

9 

A  -42 

538 

80 

54 

7 

210 

9  A  -44 

550 

77 

56 

8 

200 

9 

A  -44 

558 

75 

52 

b 

54 

10 

18 

T 

250 

101 

D  20 

371 

85 

48 

18 

220 

100 

D  18 

409 

77 

44 

18 

210 

100 

D  18 

427 

75 

49 

d 

7 

K 

220 

21 

A  -54 

497 

83 

53 

7 

210 

20 

A  -53 

509 

80 

50 

8 

200 

21 

A  -56 

524 

77 

49 

b 

49 

11 

8 

K 

200 

17 

A  -56 

525 

74 

50 

8 

190 

16 

A  -56 

552 

73 

54 

8 

180 

16 

A  -50 

568 

70 

50 

a 

51 

12 

19 

T 

186 

32 

B  1 

502 

105 

49 

20 

181 

31 

B  31 

508 

114 

54 

20 

180 

31 

B  31 

513 

114 

57 

d 

7 

K 

220 

15 

A  -47 

518 

82 

54 

7 

210 

16 

A  -48 

528 

79 

53 

8 

200 

17 

A  -49 

534 

77 

48 

b 

52 

13 

7 

K 

220 

10 

A  -49 

529 

77 

51 

7 

210 

10 

A  -49 

543 

75 

53 

8 

200 

10 

A  -47 

553 

74 

53 

a 

52 

14 

7 

K 

249 

14  A  -50 

483 

87 

48 

8 

200 

14 

A  -50 

549 

75 

54 

b 

51 

25 

15 

7 

K 

220 

10 

A  -45 

532 

79 

56 

7 

210 

10 

A  -45 

544 

77 

53 

7 

200 

9 

A  -44 

556 

75 

51 

a 

53 

16 

7 

K 

220 

4 

A  -38 

557 

80 

57 

7 

210 

5 

A  -39 

566 

78 

56 

(53 

7 

200 

4 

A  -40 

579 

75 

54 

a 

(56 

17 

12 

M 

220 

148 

C  101 

325 

171 

35 

12 

200 

148 

C  101 

361 

158 

38 

13 

150 

144 

C  108 

450 

127 

39 

d 

7 

l< 

220 

5 

A  -43 

557 

78 

56 

7 

210 

6 

A  -42 

568 

76 

55 

(51 

7 

200 

6 

A  -42 

576 

75 

56 

a 

(49 

18 

12 

M 

220 

121 

C  121 

342 

178 

39 

12 

200 

123 

C  121 

374 

166 

43 

13 

150 

120 

C  124 

460 

131 

41 

d 

7 

K 

220 

11 

A  -40 

527 

83 

54 

7 

210 

11 

A  -37 

538 

81 

53 

7 

200 

11 

A  -37 

553 

79 

56 

a 

51 

19 

7 

K 

220 

8 

A  -27 

536 

87 

55 

7 

210 

9 

A  -26 

548 

85 

51 

(49 

7 

200 

9 

A  -31 

559 

81 

52 

a 

(53 

43 

20 

12 

M 

200 

85 

C  92 

397 

141 

28 

13 

180 

86 

C  91 

429 

130 

25 

13 

150 

82 

C  93 

487 

111 

28 

d 

18 

T 

210 

20 

A  -10 

497 

97 

38 

18 

200 

14 

A  -22 

524 

89 

38 

f  41 

19 

180 

12 

A  -25 

568 

73 

49 

d 

(37 

21 

7 

K 

249 

9 

A  -33 

495 

93 

47 

7 

200 

8 

A  -32 

558 

80 

45 

b 

46 

44 

22 

17 

T 

250 
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Date  and 

G.M.T. 
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3 

S 

< 

0 

l: 

Function 

2 

>. 

CL 

Pyrn. 

S.C. 

Grade- 

Pfd.  S.C. 

Date  and 

G.M.T. 

Station 

Air  Mass 

e 

3: 
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JC 

£ 

| 

S.C. 

Grade 

0 

(A 

tE 

Q_ 

-O 

t= 

re 

£ 

R5 

Q 

G.M.T. 

Station 

Air  Mass 

OH 
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£ 

Pyrn. 

S.C. 

Grade 

a 

O 

</) 

T3 

Cl 

1936 

1936 

1936 

9 

13 

M 

220 

43 

A 

-5 

451 

82 

37 

13 

M 

220 

55 

B 

8 

441 

82 

41 

28 

14 

M 

220 

17 

A 

-38 

515 

65 

51 

13 

200 

43 

A 

-6 

479 

76 

43 

(46 

13 

200 

54 

B 

8 

468 

77 

35 

14 

200 

17 

A 

-38 

541 

62 

49 

14 

150 

40 

A 

-9 

560 

60 

43 

d 

{41 

14 

150 

55 

B 

8 

547 

62 

43 

d 

40 

14 

180 

16 

A 

-44 

569 

55 

44 

b 

10 

13 

M 

220 

37 

A 

-7 

461 

83 

42 

15 

M 

150 

48 

B 

-2 

556 

57 

45 

15 

T 

200 

47 

C 

32 

462 

123 

68 

13 

200 

39 

A 

-8 

488 

77 

40 

(49 

15 

141 

53 

B 

0 

572 

55 

56 

(45 

16 

180 

46 

C 

26 

487 

113 

59 

14 

150 

35 

A 

-13 

563 

60 

39 

d 

{■-10 

16 

132 

46 

B 

-8 

594 

50 

52 

d 

{SI 

16 

150 

45 

B 

11 

539 

103 

59 

d 

53 

11 

15 

T 

250 

34 

B 

219 

371 

222 

S8 

7 

13 

M 

220 

67 

B 

13 

434 

80 

47 

29 

14 

M 

220 

18 

A 

-26 

506 

75 

48 

16 

200 

34 

B 

199 

452 

182 

60 

13 

200 

67 

B 

12 

461 

75 

52 

14 

200 

18 

A 

-26 

528 

71 

44 

17 

150 

35 

B 

147 

521 

139 

44 

d 

54 

14 

180 

64 

B 

9 

490 

70 

43 

c 

47 

14 

180 

22 

A 

-22 

548 

69 

42 

b 

13 

15 

M 

131 

43 

A 

21 

577 

69 

42 

8 

13 

M 

220 

59 

B 

3 

447 

75 

46 

15 

T 

250 

14 

A 

27 

446 

144 

72 

15 

128 

45 

A 

24 

579 

69 

39 

(46 

13 

200 

61 

B 

4 

473 

70 

51 

15 

220 

15 

A 

24 

481 

130 

65 

15 

126 

43 

A 

21 

587 

67 

43 

d 

{41 

14 

180 

60 

B 

2 

498 

65 

46 

c 

48 

15 

200 

17 

A 

21 

506 

120 

S3 

P 

14 

15 

T 

250 

21 

A 

26 

426 

138 

56 

13 

13 

M 

250 

92 

C 

16 

358 

115 

45 

8 

K 

108 

45 

B 

-11 

622 

66 

56 

16 

200 

22 

A 

30 

489 

126 

54 

13 

220 

94 

C 

12 

397 

103 

47 

8 

106 

42 

B 

-6 

621 

67 

45 

17 

150 

31 

B 

48 

544 

110 

46 

d 

14 

200 

93 

C 

17 

425 

101 

54 

c 

49 

8 

105 

41 

B 

-12 

629 

62 

50 

d 

49 

5 

K 

255 

11 

A 

66 

448 

152 

52 

14 

13 

M 

220 

56 

B 

5 

442 

78 

47 

30 

14 

M 

220 

45 

A 

-14 

466 

74 

61 

6 

200 

12 

A 

76 

522 

131 

50 

14 

200 

58 

B 

4 

468 

72 

44 

14 

200 

44 

A 

-15 

495 

70 

56 

7 

150 

13 

A 

75 

592 

105 

54 

c 

52 

15 

150 

57 

B 

4 

545 

59 

48 

c 

14 

180 

45 

A 

-15 

518 

65 

47 

d 

15 

13 

M 

200 

77 

C 

102 

413 

145 

46 

5 

K 

200 

28 

B 

180 

442 

244 

43 

5 

K 

220 

24 

A 

17 

469 

121 

46 

13 

180 

77 

C 

99 

446 

132 

SI 

6 

180 

26 

B 

175 

482 

218 

44 

\47 

5 

200 

24 

A 

22 

500 

115 

S3 

14 

150 

79 

c 

102 

493 

113 

44 

d 

47 

6 

150 

31 

B 

189 

519 

198 

42 

c 

{45 

6 

150 

27 

A 

21 

571 

93 

60 

d 

54 

16 

15 

T 

250 

52 

c 

7 

386 

124 

SI 

15 

15 

T 

250 

5 

A 

19 

465 

144 

45 

31 

15 

T 

200 

45 

B 

-3 

459 

113 

51 

16 

200 

47 

c 

4 

460 

106 

SI 

15 

200 

6 

A 

11 

530 

118 

40 

16 

180 

38 

B 

-7 

485 

104 

39 

16 

180 

50 

c 

0 

487 

99 

51 

c 

16 

180 

6 

A 

7 

563 

108 

44 

c 

43 

16 

150 

43 

B 

-7 

535 

97 

52 

d 

6 

K 

200 

15 

A 

81 

512 

135 

SO 

17 

13 

M 

220 

40 

A 

-13 

463 

76 

49 

5 

K 

220 

23 

A 

5 

478 

114 

52 

6 

180 

16 

A 

95 

538 

130 

52 

14 

200 

43 

A 

-10 

488 

73 

48 

5 

200 

23 

A 

3 

504 

106 

46 

7 

150 

15 

A 

125 

579 

124 

52 

c 

51 

14 

180 

43 

A 

-9 

509 

70 

39 

c 

6 

150 

22 

A 

15 

575 

90 

53 

c 

49 

CO 

17 

T 

150 

20 

A 

42 

556 

120 

40 

5 

K 

249 

17 

A 

173 

425 

214 

56 

6  1 

5 

K 

250 

17 

A 

63 

440 

153 

52 

17 

141 

19 

A 

24 

575 

102 

41 

(49 

5 

200 

16 

A 

170 

495 

176 

51 

(47 

5 

200 

13 

A 

45 

516 

113 

41 

17 

134 

16 

A 

25 

586 

103 

34 

d 

{38 

6 

150 

17 

A 

175 

567 

143 

47 

c 

{48 

6 

150 

17 

A 

38 

482 

98 

48 

c 

47 

19 

15 

T 

251 

31 

B 

146 

373 

186 

38 

(49 

35 

2 

13 

M 

250 

44 

A 

-13 

426 

81 

51 

16 

200 

32 

B 

127 

441 

156 

30 

18 

13 

M 

220 

26 

A 

-30 

491 

69 

47 

14 

220 

42 

A 

-16 

468 

73 

57 

17 

150 

33 

B 

95 

536 

124 

48 

d 

{42 

14 

200 

22 

A 

-34 

517 

64 

38 

14 

200 

41 

A 

-16 

497 

69 

S3 

c 

21 

15 

1 « 

129 

65 

6 

13 

365 

54 

38 

(49 

15 

150 

18 

A 

-30 

600 

54 

42 

c 

5 

K 

220 

34 

B 

188 

399 

275 

44 

16 

126 

67 

B 

17 

570 

56 

43 

P 

{40 

15 

T 

250 

59 

C 

356 

265 

371 

45 

5 

200 

32 

B 

190 

435 

253 

45 

22 

13 

171 

220 

64 

B 

0 

447 

70 

S6 

15 

200 

59 

C 

350 

352 

314 

56 

(45 

6 

150 

37 

B 

195 

512 

205 

42 

d 

51 

13 

200 

62 

B 

0 

478 

66 

57 

16 

180 

59 

C 

340 

389 

282 

55 

d 

{47 

14 

M 

14 

180 

61 

B 

-2 

529 

62 

51 

d 

19 

13 

M 

220 

7 

A 

-44 

539 

68 

37 

3 

220 

37 

A 

—15 

468 

76 

49 

15 

T 

250 

24 

A 

97 

388 

228 

47 

14 

200 

7 

A 

-41 

562 

64 

39 

14 

200 

37 

A 

-19 

499 

69 

42 

16 

200 

22 

A 

94 

461 

192 

50 

14 

180 

6 

A 

-42 

593 

60 

44 

b 

40 

15 

150 

39 

A 

-17 

568 

56 

50 

c 

17 

150 

27 

B 

201 

533 

152 

42 

c 

51 

20 

13 

M 

220 

18 

A 

-34 

507 

68 

46 

5 

K 

220 

57 

C 

79 

398 

203 

51 

24 

13 

M 

250 

58 

B 

15 

402 

95 

54 

14 

200 

18 

A 

-34 

533 

65 

45 

5 

200 

57 

C 

89 

429 

196 

53 

13 

220 

56 

B 

14 

440 

87 

48 

14 

180 

17 

A 

-30 

555 

64 

37 

c 

6 

150 

56 

C 

113 

506 

173 

50 

c 

49 

14 

150 

56 

B 

15 

543 

66 

43 

d 

48 

6 

K 

150 

24 

A 

317 

524 

196 

34 

4 

13 

M 

250 

25 

A 

-25 

458 

78 

53 

25 

13 

M 

220 

50 

B 

6 

457 

81 

59 

6 

140 

25 

A 

335 

539 

192 

40 

14 

220 

27 

A 

-27 

490 

73 

47 

13 

200 

46 

B 

1 

486 

75 

51 

7 

120 

18 

A 

165 

609 

119 

42 

p 

42 

14 

200 

33 

A 

-22 

511 

69 

57 

c 

14 

150 

46 

B 

2 

561 

61 

50 

d 

53 

21 

13 

M 

220 

31 

A 

-28 

480 

71 

42 

15 

T 

220 

66 

C 

117 

380 

190 

56 

26 

13 

M 

250 

37 

A 

-18 

430 

80 

45 

14 

200 

31 

A 

-26 

505 

66 

42 

15 

196 

65 

C 

115 

417 

175 

55 

13 

200 

36 

A 

-20 

498 

69 

46 

14 

180 

31 

A 

-31 

533 

60 

40 

a 

16 

K 

180 

69 

C 

107 

449 

159 

62 

d 

14 

150 

38 

A 

-15 

574 

57 

57 

d 

5 

K 

252 

10 

A 

118 

443 

179 

41 

5 

220 

13 

A 

31 

500 

119 

44 

5 

K 

220 

21 

A 

-43 

485 

88 

38 

5 

200 

9 

A 

123 

517 

151 

41 

5 

200 

12 

A 

41 

531 

115 

56 

5 

200 

20 

A 

-44 

512 

82 

34 

(49 

6 

150 

16 

A 

102 

576 

116 

42 

c 

41 

6 

150 

13 

A 

75 

599 

106 

60 

P 

53 

6 

150 

19 

A  -45 

589 

67 

46 

d 

{44 

44 

6 

14 

M 

220 

23 

A 

-25 

491 

74 

43 

27 

13 

M 

200 

30 

A 

-30 

519 

64 

56 

22 

12 

M 

220 

26 

A 

-29 

490 

70 

48 

14 

200 

22 

A 

-23 

519 

72 

43 

(50 

14 

180 

28 

A 

-32 

545 

60 

55 

13 

200 

26 

A 

-29 

517 

66 

42 

14 

180 

22 

A 

-14 

546 

74 

49 

b 

{■IS 

14 

168 

27 

A 

-29 

561 

57 

55 

d 

13 

180 

25 

A 

-32 

543 

61 

40 

b 

8 

13 

M 

260 

33 

A 

-14 

426 

87 

57 

5 

K 

250 

29 

B 

-19 

433 

97 

38 

5 

K 

220 

12 

A 

45 

491 

125 

43 

14 

200 

31 

A 

-18 

506 

72 

50 

5 

200 

26 

B 

-12 

499 

87 

40 

(52 

5 

200 

13 

A 

46 

512 

118 

38 

14 

180 

32 

A 

-21 

535 

66 

49 

c 

52 

6 

150 

25 

A 

-39 

576 

72 

41 

c 

{48 

6 

150 

17 

A 

65 

576 

104 

46 

c 

43 

9 

5 

K 

200 

23 

A 

43 

501 

123 

53 

34 

23 

13 

M 

250 

23 

A 

-30 

463 

75 

48 

6 

180 

21 

A 

34 

535 

108 

50 

28 

13 

M 

220 

39 

A 

-23 

473 

73 

50 

13 

220 

22 

A 

-31 

498 

70 

46 

6 

150 

23 

A 

56 

575 

105 

57 

b 

S3 

14 

200 

39 

A 

-25 

501 

58 

51 

14 

200 

21 

A 

-32 

526 

65 

39 

c 

44 

10 

14 

M 

220 

23 

A 

-37 

500 

64 

47 

14 

150 

39 

A 

-22 

567 

56 

52 

d 

24 

13 

M 

251 

17 

A 

-32 

471 

75 

49 

14 

200 

25 

A 

-36 

522 

61 

47 

5 

K 

200 

23 

A 

-1 

494 

104 

34 

14 

200 

17 

A 

-34 

530 

65 

38 

(46 

14 

180 

23 

A 

-37 

552 

56 

48 

c 

6 

180 

21 

A 

3 

530 

96 

39 

(SO 

15 

150 

16 

A 

-35 

605 

52 

43 

c 

{43 

15 

T 

194 

74 

C 

79 

420 

153 

57 

6 

150 

19 

A 

21 

582 

91 

49 

d 

{46 

25 

13 

14 

M 

18 

17 

-31 

-30 

511 

539 

71 

68 

33 

16 

173 

78 

D 

74 

454 

139 

55 

29 

13 

13 

M 

220 

200 

34 

32 

A 

A 

-15 

-20 

477 

506 

77 

71 

49 

48 

220 

200 

A 

A 

51 

53 

16 

150 

72 

C 

95 

490 

120 

43 

d 

14 

150 

31 

A 

-20 

577 

57 

42 

d 

14 

180 

16 

A 

-32 

565 

63 

49 

a 

5 

K 

250 

47 

C 

257 

306 

429 

60 

5 

|< 

220 

10 

A 

45 

496 

125 

38 

15 

T 

220 

69 

C 

274 

326 

296 

51 

6 

180 

52 

c 

294 

408 

358 

56 

5 

200 

11 

A 

48 

525 

118 

40 

(48 

16 

180 

59 

C 

230 

425 

228 

61 

6 

150 

54 

c 

295 

465 

309 

56 

d 

51 

6 

150 

13 

A 

44 

598 

95 

47 

c 

{43 

16 

150 

71 

c 

254 

451 

208 

49 

d 

52 

11 

14 

M 

220 

33 

A 

-33 

485 

63 

51 

30 

5 

K 

220 

6 

A 

24 

518 

113 

35 

26 

13 

M 

220 

43 

A 

0 

451 

86 

40 

14 

200 

29 

A 

-36 

511 

60 

46 

5 

200 

6 

A 

26 

545 

106 

39 

(47 

14 

200 

42 

A 

-1 

479 

81 

41 

14 

180 

33 

A 

-36 

539 

55 

43 

c 

47 

6 

150 

7 

A 

18 

616 

84 

45 

c 

\39 

14 

180 

41 

A 

-3 

512 

74 

42 

a 

12 

13 

M 

250 

19 

A 

-33 

474 

74 

56 

1 

13 

M 

220 

24 

A 

-25 

492 

74 

49 

15 

T 

250 

27 

B 

196 

383 

212 

64 

14 

200 

16 

A 

-35 

535 

65 

42 

13 

200 

24 

A 

-27 

517 

69 

44 

15 

220 

28 

B 

182 

424 

187 

58 

16 

150 

15 

A 

-36 

614 

52 

48 

c 

14 

150 

20 

A 

-28 

598 

55 

49 

e 

47 

16 

200 

31 

B 

175 

458 

171 

58 

d 

50 

47 

2 

13 

M 

220 

18 

A 

-26 

503 

75 

43 

27 

14 

M 

190 

28 

A 

-23 

528 

69 

52 

15 

T 

220 

22 

A 

8 

475 

109 

47 

13 

200 

20 

A 

-27 

527 

70 

45 

14 

180 

27 

A 

-25 

548 

65 

57 

15 

200 

23 

A 

5 

509 

101 

56 

14 

150 

21 

A 

-26 

596 

58 

48 

c 

14 

170 

27 

A 

-24 

563 

62 

56 

c 

16 

180 

22 

A 

5 

539 

96 

57 

c 

51 

7 

K 

120 

35 

B 

81 

590 

114 

45 

5 

K 

251 

42 

B 

305 

304 

431 

49 

13 

14 

M 

220 

8 

A 

-36 

538 

71 

43 

8 

118 

36 

B 

100 

589 

122 

42 

5 

200 

39 

B 

354 

378 

390 

52 

14 

200 

7 

A 

-37 

564 

67 

46 

8 

116 

36 

B  110 

592 

127 

43 

d 

44 

6 

150 

41 

B 

388 

464 

327 

51 

c 

S3 

14 

180 

7 

A  -40 

593 

61 

48 

a 

46 
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M 
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76 

42 

14 
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71 
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14 
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66 

48 

b 

5 

K 
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99 

51 

5 
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538 

91 

48 

6 
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84 

52 

a 

47 
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M 
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88 

41 

14 
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81 

49 

14 
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556 

73 

49 

c 

5 

K 
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539 

96 

51 
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180 
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567 

89 

45 

6 
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610 

78 

50 

b 

48 
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M 
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524 

70 

53 

14 
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549 

66 
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14 
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578 

62 

58 

a 

15 

T 
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61  C  -41 

462 

81 

SO 

16 

180 
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75 

56 

16 
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531 

67 

51 

c 

5 

K 
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513 

160 

52 

6 

180 
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535 

154 

48 

6 

150 
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150 

45 

d 

52 
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M 
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539 

69 

57 

14 
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561 

64 

SO 

14 

180 

9  A  -39 

587 

61 

48 

b 

15 

T 
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52  C  -19 

464 

92 

48 

16 
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51  C  -17 

492 

89 

50 
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Table  24. — Determinations  of  the  solar  constant  of  radiation,  1923  to  1939 — Continued 
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512 

113 

57 

180 

22 

A  20 

539 

104 

53 

150 

25 

A  14 

575 

99 

52 

220 

51 

B  16 

440 

92 

42 

200 

50 

B  13 

471 

83 

41 

150 

46 

B  11 

552 

67 

43 

220 

89 

D  86 

359 

168 

46 

200 

88 

D  82 

390 

155 

47 

180 

88 

D  86 

423 

150 

56 

200 

58 

C  179 

398 

284 

52 

180 

61 

C  176 

429 

259 

49 

150 

61 

C  162 

490 

212 

51 

200 

12 

A  -43 

547 

77 

50 

180 

12 

A  -45 

577 

71 

51 

150 

13 

A  -46 

619 

63 

51 

200 

34 

B  -50 

481 

93 

55 

180 

36 

B  -56 

511 

87 

56 

150 

38 

B  -60 

554 

79 

57 

250 

24 

A  -40 

452 

103 

53 

200 

23 

A  -39 

517 

87 

50 

150 

25 

A  -41 

588 

71 

53 

55 

200 

42 

B  -90 

477 

82 

43 

180 

46 

C  -36 

506 

78 

44 

150 

45 

B— 101 

553 

69 

49 

200 

17 

A  -38 

533 

81 

49 

180 

17 

A  -36 

553 

77 

52 

150 

17 

A  -29 

600 

70 

54 

200 

41 

B  -99 

484 

78 

56 

180 

43 

B— 103 

507 

73 

50 

150 

44 

B— 102 

553 

68 

54 

200 

17 

A  -40 

533 

81 

54 

180 

18 

A  -39 

557 

76 

53 

150 

18 

A  -41 

601 

67 

55 

220 

54 

B  39 

427 

113 

39 

200 

.54 

B  43 

449 

109 

35 

150 

55 

B  46 

525 

90 

38 

200 

25 

A  -17 

509 

98 

48 

180 

26 

B  5 

533 

93 

55 

150 

28 

B  8 

574 

86 

54 

220 

41 

A  5 

456 

90 

49 

200 

42 

A  6 

479 

86 

45 

150 

39 

A  -1 

565 

66 

47 

250 

38 

B  -38 

399 

113 

38 

220 

39 

B  -39 

439 

103 

38 

200 

40 

B  -33 

462 

100 

34 

200 

42 

B  51 

465 

147 

49 

180 

41 

B  53 

496 

137 

57 

150 

45 

B  59 

544 

125 

60 

<D 

•O 

CO 

d 

cd 

TS 

ate  and 
LM.T. 

c 

0 

ni 

3 

S 

O 

CL 

0 

it) 

< 

1936 

12  12 

M 

250 

12 

200 

c 

13 

150 

6 

K 

200 

d 

7 

180 

7 

150 

C  48 

14  17 

T 

200 

a 

(53 

17 

180 

18 

150 

15  12 

M 

220 

c 

12 

200 

13 

180 

16  12 

M 

220 

a 

48 

12 

200 

13 

150 

17  13 

M 

159 

b 

13 

150 

13 

144 

6 

K 

200 

7 

180 

c 

47 

7 

150 

18  12 

M 

250 

12 

220 

b 

12 

200 

19  12 

M 

220 

12 

200 

c 

47 

12 

180 

6 

K 

250 

6 

200 

a 

20  12 

M 

200 

12 

180 

13 

150 

c 

5'J 

21  12 

M 

220 

12 

200 

13 

150 

b 

22  12 

M 

220 

12 

200 

d 

46 

13 

25  16 

T 

150 

250 

17 

200 

d 

43 

19 

26  17 

T 

150 

190 

17 

180 

b 

53 

19 

150 

27  17 

T 

200 

17 

180 

c 

19 

150 

28  12 

M 

250 

(5/ 

12 

200 

b 

13 

150 

17 

T 

200 

17 

190 

b 

17 

180 

29  12 

M 

220 

[51 

12 

200 

b 

(49 

13 

150 

30  12 

M 

200 

12 

180 

b 

13 

150 

31  6 

K 

250 

7 

180 

b 

53 

7 

162 

11  1  12 

M 

220 

12 

200 

d 

13 

150 

6 

K 

250 

7 

200 

b 

47 

2  12 

M 

220 

12 

200 

b 

13 

150 

7 

K 

200 

7 

180 

c 

8 

150 

4  12 

M 

220 

[48 

12 

200 

d 

(46 

13 

150 

0 

c 

0 

0 

e 

-C 

c 

d 

4) 

T) 

CO 

d 

cd 

*6 

X* 

Li. 

CL 

X 

cd 

O 

CL 

40  A 

6 

419 

100 

54 

40  A 

4 

490 

85 

56 

38  A 

6 

565 

70 

53 

C 

49 

38  B 

21 

481 

120 

61 

38  B 

19 

510 

110 

58 

46  C 

44 

540 

116 

59 

d 

55 

39  B  ■ 

-31 

477 

101 

52 

40  B  ■ 

-36 

501 

95 

49 

44  B  • 

-35 

540 

88 

47 

b 

49 

82  C 

5 

413 

98 

52 

81  C 

7 

437 

93 

44 

78  C 

8 

471 

87 

40 

c 

45 

64  B 

29 

429 

98 

45 

62  B 

25 

454 

89 

40 

63  B 

27 

535 

72 

43 

b 

44 

54  B 

21 

530 

75 

50 

55  B 

20 

542 

70 

50 

54  B 

21 

555 

69 

53 

c 

52  C 

59 

447 

164 

57 

50  C 

54 

480 

144 

52 

52  C 

58 

526 

130 

52 

c 

52 

46  B 

17 

419 

104 

62 

47  B 

18 

460 

96 

61 

44  A 

9 

481 

88 

52 

c 

58 

68  B 

55 

416 

121 

54 

70  B 

56 

441 

113 

48 

66  B 

54 

471 

105 

48 

c 

59  C 

117 

340 

272 

47 

60  C 

111 

419 

220 

50 

d 

50 

55 

64  B 

49 

444 

110 

43 

62  B 

49 

475 

103 

4 & 

65  B 

50 

521 

88 

46 

b 

46 

47  B 

13 

454 

90 

61 

46  B 

9 

484 

82 

52 

(46 

44  A 

0 

554 

65 

44 

P 

152 

38  A 

12 

460 

98 

53 

36  A 

10 

484 

92 

43 

37  A 

19 

557 

78 

38 

d 

45 

51  C 

-20 

406 

104 

44 

55  C 

-19 

465 

93 

54 

(50 

60  C 

-13 

520 

88 

42 

d 

[47 

61  C 

20 

449 

114 

38 

62  C 

12 

466 

108 

40 

(49 

60  C 

7 

510 

96 

37 

c 

138 

45  B 

-45 

467 

98 

48 

47  C 

-7 

487 

94 

39 

(  49 

53  C 

10 

526 

96 

46 

d 

{4-4 

88  C 

32 

355 

127 

47 

87  C 

33 

428 

109 

45 

86  C 

36 

505 

88 

39 

c 

41 

42  B 

53 

456 

133 

60 

44  B 

47 

475 

128 

64 

(47 

43  B 

57 

483 

128 

55 

d 

(49 

75  B 

50 

414 

115 

55 

74  B 

50 

443 

107 

56 

(SO 

70  B 

52 

525 

88 

58 

d 

(56 

39  A 

8 

485 

89 

51 

38  A 

6 

515 

81 

45 

35  A 

0 

557 

68 

41 

c 

46 

55  C 

20 

382 

150 

40 

58  C 

13 

478 

114 

48 

(47 

61  C 

21 

505 

113 

44 

d 

(44 

25  A 

-13 

492 

84 

52 

23  A 

-15 

517 

78 

45 

22  A 

-18 

595 

61 

50 

c 

57  C 

25 

381 

160 

56 

57  C 

30 

452 

139 

61 

d 

52 

54 

30  A 

-6 

483 

87 

56 

29  A 

-6 

514 

83 

55 

33  A 

11 

565 

75 

44 

d 

53  C 

49 

448 

154 

50 

49  C 

45 

488 

136 

58 

48  C 

46 

532 

119 

48 

d 

52 

19  A 

1 

495 

97 

56 

17  A 

-6 

532 

86 

54 

16  A 

-14 

601 

65 

44 

d 

51 

148 
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Table  24. — Determinations  of  the  solar  constant  of  radiation,  1923  to  1939— Continued 


Date  and 

G.M.T. 

Station 

Air  Mass 

0 

31' 

Function 

St 

Q. 

e 

i; 

Q. 

S.C. 

Grade 

Pfd.  S.C.1 

Date  and 

G.M.T. 

Station 

Air  Mass 

0 

X 

Function 

jf 

CL 

Pyrn. 

S.C. 

Grade 

0 

to 

■6 

£ 

Date  and 

G.M.T. 

Station 

Air  Mass 

0 

X 

Function 

Pyrh. 

Pyrn. 

S.C. 

Grade 

Pfd.  S.C. 

1936 

1936 

1936 

5 

12 

M 

220 

35 

A 

0 

467 

91 

44 

27 

12 

M 

220 

41 

A 

15 

451 

99 

47 

14 

12 

M 

220 

44 

A 

75 

425 

150 

47 

12 

200 

36 

A 

0 

495 

84 

49 

12 

200 

41 

A 

14 

474 

92 

35 

12 

200 

44 

A 

79 

456 

142 

43 

13 

150 

38 

A 

3 

563 

68 

SO 

c 

13 

150 

39 

A 

12 

550 

74 

41 

c 

13 

150 

42 

A 

76 

539 

110 

47 

c 

19 

T 

156 

43 

B— 119 

546 

64 

50 

17 

T 

250 

63 

C 

0 

373 

121 

45 

7 

K 

220 

26 

B 

-19 

484 

88 

48 

20 

156 

45 

B— 120 

547 

65 

S3 

18 

220 

61 

C 

10 

409 

118 

45 

8 

200 

28 

B 

-19 

509 

83 

45 

20 

156 

47 

c 

-54 

547 

64 

59 

d 

SO 

18 

200 

61 

c 

11 

439 

113 

52 

b 

8 

180 

27 

B 

-19 

535 

77 

SO 

d 

47 

6 

12 

M 

250 

53 

B 

31 

396 

115 

SI 

7 

K 

200 

44 

B 

-37 

482 

79 

47 

15 

12 

M 

220 

33 

A 

49 

453 

132 

57 

12 

200 

54 

B 

29 

466 

96 

48 

7 

188 

44 

B 

-38 

504 

75 

45 

12 

200 

33 

A 

49 

479 

123 

52 

(48 

13 

150 

51 

B 

26 

542 

76 

42 

c 

8 

180 

42 

B 

-26 

516 

74 

56 

d 

46 

13 

150 

27 

A 

39 

567 

94 

52 

c 

(54 

17 

T 

200 

26 

B-100 

510 

74 

58 

28 

12 

M 

200 

46 

B 

4 

472 

78 

32 

18 

18 

T 

250 

54 

C 

-58 

405 

77 

44 

18 

190 

27 

B 

-99 

526 

73 

65 

12 

180 

48 

B 

5 

504 

72 

38 

13 

230 

54 

C 

-57 

440 

74 

51 

(48 

18 

180 

27 

B 

-96 

539 

72 

65 

d 

52 

13 

150 

49 

B 

6 

549 

62 

40 

c 

18 

K 

220 

56 

c 

-58 

447 

73 

58 

d 

jsi 

58 

17 

T 

250 

37 

B 

-100 

423 

85 

56 

21 

10 

162 

15 

A 

-55 

590 

64 

44 

7 

12 

M 

220 

29 

A 

-3 

480 

91 

18 

220 

38 

B 

-88 

458 

85 

54 

10 

163 

15 

A 

-55 

589 

64 

45 

12 

200 

28 

A 

-7 

510 

82 

53 

53 

18 

200 

41 

B 

-91 

476 

81 

46 

c 

44 

10 

164 

16 

A 

-54 

587 

65 

47 

c 

45 

13 

150 

24 

A 

-7 

586 

67 

47 

c 

29 

12 

M 

200 

53 

B 

15 

470 

84 

46 

22 

7 

K 

250 

14 

A 

-61 

484 

81 

47 

9 

17 

T 

250 

23 

A 

-21 

455 

84 

61 

(53 

13 

150 

54 

B 

17 

545 

68 

46 

c 

8 

200 

14 

A 

-59 

540 

71 

42 

c 

44 

17 

200 

21 

A 

-20 

516 

75 

54 

d 

(57 

18 

T 

210 

14 

A 

-26 

521 

77 

63 

58 

45 

18 

200 

15 

A 

-26 

530 

74 

56 

23 

18 

T 

250 

23 

A 

0 

445 

105 

73 

11 

6 

K 

250 

19 

A 

37 

448 

140 

54 

19 

190 

15 

A 

-26 

547 

72 

58 

c 

19 

200 

24 

A 

-4 

509 

90 

63 

p 

7 

220 

19 

A 

30 

491 

124 

56 

7 

K 

250 

29 

B 

-29 

443 

88 

58 

63 

7 

200 

21 

A 

41 

508 

121 

52 

c 

54 

7 

200 

30 

B 

-30 

511 

75 

57 

7 

K 

250 

10 

A 

-49 

490 

86 

44 

-12 

454 

114 

65 

3 

180 

30 

B 

-28 

538 

71 

55 

c 

53 

7 

220 

10 

A 

-49 

530 

78 

47 

(47 

12 

6 

K 

250 

21 

A 

(  55 

30 

7 

K 

234 

18 

A 

-50 

491 

86 

52 

8 

200 

10 

A 

-49 

554 

74 

37 

c 

/SO 

7 

200 

23 

A 

1 

509 

105 

56 

7 

220 

18 

A 

-44 

503 

85 

48 

24 

18 

T 

210 

23 

A 

13 

438 

111 

60 

8 

150 

23 

A 

27 

579 

94 

56 

Afi 

d 

(59 

7 

207 

17 

A 

-49 

527 

79 

52 

c 

51 

19 

205 

25 

A 

13 

447 

108 

61 

496 

94 

ii. • 

12  1 

12 

M 

220 

54 

B 

68 

421 

142 

48 

19 

200 

25 

A 

15 

451 

109 

64 

d 

13 

13 

M 

150 

99 

C 

43 

48 

12 

200 

52 

B 

62 

454 

127 

54 

7 

K 

220 

16 

A 

-59 

511 

77 

44 

13 

144 

97 

C 

48 

504 

92 

49 

13 

150 

49 

B 

53 

540 

97 

54 

c 

52 

8 

200 

16 

A 

-57 

535 

73 

40 

(47 

13 

139 

99 

C 

56 

511 

92 

47 

d 

2 

12 

M 

250 

47 

B 

32 

409 

118 

61 

8 

180 

17 

A 

-58 

564 

68 

44 

b 

(49 

17 

T 

220 

25 

A 

-16 

477 

81 

S3 

12 

200 

49 

B 

31 

475 

101 

62 

25 

7 

K 

250 

21 

A 

-65 

461 

85 

43 

18 

200 

26 

B 

-94 

510 

77 

61 

13 

150 

50 

B 

38 

549 

84 

57 

d 

7 

224 

21 

A 

-65 

494 

79 

46 

(45 

18 

190 

28 

B— 104 

527 

72 

66 

d 

51 

8 

200 

20 

A 

-64 

526 

73 

40 

b 

}43 

7 

K 

220 

22 

A 

-4 

493 

108 

60 

18 

T 

200 

44 

B-116 

485 

73 

64 

26 

18 

T 

211 

47 

c 

-34 

463 

85 

67 

7 

200 

19 

A 

-1 

523 

100 

60 

55 

19 

190 

44 

B— 116 

502 

71 

66 

19 

200 

49 

C 

-32 

475 

84 

69 

(SO 

7 

180 

17 

A 

-12 

556 

87 

51 

c 

20 

180 

35 

B 

-97 

521 

73 

67 

P 

60 

19 

200 

47 

C 

-34 

480 

82 

60 

P 

(65 

14 

12 

M 

200 

64 

B 

40 

455 

102 

S3 

5 

7 

K 

250 

7 

A 

-50 

515 

84 

56 

30 

7 

K 

250 

7 

A 

-33 

500 

94 

44 

12 

180 

63 

B 

40 

483 

95 

50 

7 

220 

6 

A 

-47 

553 

78 

45 

7 

220 

7 

A 

-30 

536 

85 

42 

(47 

13 

150 

61 

B 

39 

530 

82 

48 

b 

SO 

7 

200 

6 

A 

-47 

580 

73 

53 

d 

51 

8 

200 

7 

A 

-33 

566 

80 

47 

b 

(44 

15 

12 

M 

220 

53 

B 

38 

437 

112 

54 

6 

7 

K 

250 

7 

A 

-52 

514 

82 

53 

31 

7 

K 

220 

19 

A 

-60 

497 

79 

39 

f" 

12 

200 

52 

B 

39 

464 

106 

52 

7 

220 

6 

A 

-53 

553 

75 

51 

8 

200 

20 

A 

-59 

523 

77 

43 

12 

180 

52 

B 

36 

496 

96 

48 

b 

7 

200 

6 

A 

-51 

584 

71 

60 

c 

55 

8 

190 

22 

A 

-62 

531 

73 

39 

b 

(40 

18 

18 

18 

T 

200 

190 

180 

91 

87 

82 

D 

D 

D 

12 

11 

12 

449 

457 

472 

71 

70 

70 

64 

51 

50 

d 

52 

7 

7 

7 

7 

K 

250 

220 

200 

34 

33 

33 

B 

B 

B 

-35 

-34 

-34 

443 

482 

507 

85 

79 

74 

48 

55 

53 

c 

52 

117 

8 

2  18 

K 

T 

250 

200 

210 

2 

3 

38 

A 

A 

B 

-35 

-37 

-81 

533 

594 

469 

89 

76 

85 

42 

48 

49 

c 

45 

16 

12 

M 

220 

42 

A 

4 

457 

90 

54 

8 

12 

M 

220 

70 

B 

91 

396 

157 

47 

18 

205 

39 

B 

-82 

478 

84 

57 

(47 

12 

200 

40 

A 

2 

484 

84 

42 

47 

12 

200 

66 

B 

90 

426 

146 

43 

19 

200 

39 

B 

-84 

484 

82 

55 

d 

(54 

13 

150 

40 

A 

-2 

564 

65 

46 

c 

13 

150 

71 

B 

102 

503 

122 

49 

d 

3 

18 

T 

210 

36 

B 

-76 

473 

88 

54 

■ 

17 

12 

M 

250 

33 

A 

-1 

433 

98 

54 

19 

T 

190 

22 

A 

-17 

532 

76 

61 

18 

205 

37 

B 

-69 

483 

86 

62 

12 

200 

33 

A 

-5 

501 

82 

51 

19 

188 

21 

A 

-12 

537 

78 

59 

(49 

19 

200 

37 

B 

-75 

491 

85 

65 

d 

13 

150 

32 

A 

-6 

576 

66 

52 

a 

52 

19 

186 

23 

A 

-11 

535 

80 

59 

d 

\51 

7 

K 

250 

22 

A 

-62 

458 

88 

43 

(46 

59 

9 

18 

T 

220 

18 

A 

-24 

504 

77 

63 

7 

220 

21 

A 

-58 

501 

81 

45 

d 

(52 

18 

12 

M 

220 

47 

B 

13 

453 

90 

47 

18 

210 

19 

A 

-22 

517 

76 

69 

4 

17 

T 

250 

17 

A 

-24 

462 

84 

64 

12 
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Table  24. — Determinations  of  the  solar  constant  of  radiation,  1923  to  1939 — Continued 
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Table  24. — Determinations  of  the  solar  constant  of  radiation,  1923  to  1939 — Continued 
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476 

78 

43 

15 

200 

14 

A 

-14 

514 

87 

39 

29 

14 

M 

200 

48 

B 

4 

476 

76 

42 

14 

200 

15 

A 

-34 

540 

66 

44 

16 

180 

14 

A 

-17 

539 

80 

35 

c 

41 

14 

180 

48 

B 

4 

501 

71 

37 

d 

15 

151 

14 

A 

-37 

617 

52 

48 

b 

45 

6 

14 

M 

200 

15 

A 

-34 

545 

66 

48 

15 

T 

220 

95 

D 

28 

388 

92 

33 

41 

14 

180 

14 

A 

-39 

574 

60 

46 

16 

200 

97 

D 

30 

413 

89 

39 

14 

14 

M 

200 

19 

A 

-29 

531 

69 

47 

16 

150 

11 

A 

-37 

623 

52 

50 

b 

16 

180 

108 

D 

37 

434 

86 

36 

c 

38 

14 

180 

19 

A 

-29 

555 

65 

38 

15 

T 

220 

39 

B 

-45 

436 

101 

39 

30 

14 

M 

200 

28 

A 

-27 

517 

67 

47 

16 

150 

19 

A 

-26 

599 

57 

48 

c 

15 

200 

40 

B 

-44 

463 

97 

47 

14 

180 

24 

A 

-34 

550 

60 

38 

d 

15 

T 

220 

95 

D 

50 

374 

119 

41 

16 

180 

42 

B 

-45 

488 

93 

36 

c 

45 

15 

T 

220 

104 

D 

44 

369 

107 

33 

15 

200 

95 

D 

51 

404 

115 

42 

U5 

7 

15 

T 

250 

43 

C 

28 

371 

136 

36 

16 

200 

106 

D 

45 

400 

102 

36 

16 

180 

97 

D 

53 

431 

110 

40 

c 

{43 

15 

200 

49 

C 

26 

435 

119 

32 

(42 

16 

180 

111 

D 

46 

428 

97 

38 

d 

40 

15 

14 

M 

180 

11 

A 

-44 

582 

57 

43 

16 

150 

60 

C 

47 

494 

116 

40 

d 

(36 

31 

14 

M 

220 

28 

A 

-27 

498 

70 

53 

16 

150 

10 

A 

-38 

623 

52 

47 

c 

32 

14 

180 

24 

A 

-34 

547 

60 

43 

d 

48 

15 

T 

220 

96 

D 

78 

352 

155 

40 

£ 

15 

T 

220 

28 

B 

-70 

463 

90 

42 

3  3 

13 

M 

220 

11 

A 

-38 

529 

67 

44 

15 

200 

98 

D 

78 

381 

145 

38 

[45 

15 

200 

23 

A 

-10 

492 

84 

35 

14 

200 

11 

A 

-38 

551 

64 

39 

16 

180 

101 

D 

79 

412 

139 

43 

c 

(43 

16 

180 

28 

B 

-76 

517 

79 

44 

c 

40 

14 

180 

13 

A 

-35 

577 

62 

45 

c 

43 

158 
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Date  and 

G.M.T. 

Station 

Air  Mass 

O 

X 

Function 

Pyrh. 

c 

Cl 

0 

cn 

Grade 

. 

CO 

-d 

O- 

Date  am 

G.M.T. 

Station 

ro 

*_ 

< 

0H 

Functioi 

a. 

£ 

£ 

S.C. 

Grade 

Pfd.  S.C 

fS 

O 

G.M.T 

Station 

% 

2 

L 

< 

0 

Zl 

Functioi 

■s 

3* 

CL 

i 

a. 

S.C. 

Grade 

Pfd.  S.C 

1938 

1938 

1938 

6 

13 

M 

220 

12 

A 

-37 

523 

69 

38 

25 

13 

M 

200 

20 

A 

-19 

520 

76 

39 

22 

12 

M 

220 

17 

A 

-22 

508 

79 

48 

14 

200 

13 

A 

-36 

547 

65 

43 

(43 

14 

180 

20 

A 

-15 

544 

74 

41 

13 

200 

15 

A 

-24 

534 

74 

42 

14 

180 

14 

A 

-39 

573 

60 

41 

c 

|41 

14 

150 

21 

A 

-11 

590 

65 

4S 

b 

13 

180 

14 

A 

-28 

561 

68 

36 

42 

7 

13 

M 

220 

4 

A 

-44 

558 

66 

48 

16 

T 

220 

181 

D 

150 

269 

204 

33 

23 

13 

M 

200 

9 

A 

-34 

557 

69 

44 

14 

200 

4 

A 

-44 

584 

63 

49 

16 

200 

185 

D 

155 

299 

194 

36 

(41 

13 

180 

9 

A 

-38 

587 

62 

44 

14 

180 

4 

A 

-45 

607 

59 

48 

a 

48 

16 

180 

184 

D 

152- 

337 

178 

34 

d 

(39 

14 

150 

9 

A 

-35 

628 

54 

49 

b 

8 

13 

14 

15 

M 

250 

195 

150 

2 

2 

1 

A 

A 

A 

-42 

-46 

-47 

533 

602 

663 

74 

62 

50 

49 

50 
50 

A3 

b 

27 

28 

13 

13 

14 

13 

M 

M 

220 

200 

130 

200 

33 

31 

30 

21 

A 

A 

A 

A 

-16 

-18 

-19 

-37 

474 

503 

535 

531 

77 

72 

68 

61 

40 

41 

43 

47 

b 

41 

24 

16 

16 

16 

13 

T 

M 

250 

220 

200 

200 

65 

61 

59 

6 

C 

c 

c 

A 

-59 

-59 

-56 

-45 

390 

433 

458 

580 

80 

73 

71 

61 

5© 

SI 

49 

49 

c 

(45 

(48 

17 

17 

17 

T 

137 

133 

129 

84 

80 

71 

D 

D 

C 

71 

69 

43 

490 

502 

520 

119 

117 

109 

34 

37 

32 

d 

45 

9  2 

13 

14 
13 
13 

M 

180 

150 

200 

180 

21 

21 

36 

35 

A 

A 

A 

A 

-35 

-36 

-23 

-25 

558 

603 

502 

531 

60 

50 

67 

62 

44 

52 

46 

42 

c 

48 

13 

14 
19 
19 

T 

180 

150 

125 

123 

5 

4 

64 

66 

A 

A 

C 

c 

-46 

-45 

-66 

-66 

603 

647 

570 

574 

58 

50 

53 

53 

45 

5© 

4© 

43 

a 

d 

(49 

(47 

9 

13 

M 

220 

6 

A 

-41 

553 

67 

48 

14 

150 

35 

A 

-21 

576 

55 

45 

b 

44 

25 

13 

M 

200 

4 

A 

-38 

580 

68 

49 

14 

190 

6 

A 

-45 

587 

61 

45 

3 

16 

T 

220 

37 

B 

-92 

442 

83 

29 

13 

180 

4 

A 

-40 

607 

62 

49 

14 

170 

6 

A 

-41 

616 

57 

55 

c 

16 

200 

34 

B 

-89 

474 

79 

33 

(44 

13 

150 

2 

A 

-41 

650 

53 

54 

b 

15 

T 

220 

65 

C 

-36 

413 

90 

32 

16 

180 

29 

B-100 

514 

71 

39 

d 

(34 

20 

T 

121 

64 

C 

-61 

573 

55 

43 

16 

200 

64 

c 

-35 

441 

85 

34 

44 

4 

13 

M 

200 

40 

A 

-25 

503 

63 

52 

20 

121 

67 

C 

-60 

571 

56 

4© 

(SO 

16 

180 

64 

c 

-37 

468 

80 

34 

c 

13 

180 

33 

A 

-28 

530 

58 

47 

20 

121 

60 

C 

-55 

568 

58 

33 

d 

(47 

10 

15 

T 

220 

119 

D 

56 

363 

114 

42 

14 

150 

37 

A 

-28 

577 

50 

47 

b 

26 

12 

M 

252 

7 

A 

-24 

503 

88 

49 

16 

200 

116 

D 

56 

394 

110 

45 

43 

16 

T 

220 

13 

A 

-26 

499 

78 

S3 

13 

200 

5 

A 

-31 

573 

72 

47 

16 

180 

117 

D 

57 

422 

105 

42 

c 

16 

200 

14 

A 

-30 

523 

70 

55 

13 

150 

3 

A 

-33 

647 

57 

53 

b 

13 

13 

M 

220 

10 

A 

-37 

537 

70 

49 

16 

180 

14 

A 

-30 

552 

67 

51 

b 

51 

54 

14 

200 

10 

A 

-39 

564 

64 

49 

5 

13 

M 

251 

43 

A 

-25 

429 

70 

43 

16 

T 

250 

94 

D 

34 

337 

109 

32 

15 

150 

9 

A 

-38 

635 

53 

54 

b 

13 

200 

44 

A 

-25 

497 

62 

50 

16 

220 

94 

D 

34 

385 

100 

4© 

(48 

15 

T 

250 

94 

D 

36 

346 

110 

42 

14 

150 

45 

A 

-17 

567 

54 

50 

b 

16 

200 

90 

D 

29 

414 

92 

35 

d 

(45 

16 

200 

82 

D 

27 

429 

92 

43 

36 

27 

12 

M 

220 

7 

A 

-27 

541 

80 

46 

17 

150 

71 

C 

-46 

517 

73 

41 

d 

48 

16 

T 

220 

50 

C 

-56 

437 

73 

63 

(50 

13 

200 

6 

A 

-28 

568 

74 

4© 

14 

14 

M 

200 

11 

A 

-34 

561 

67 

49 

16 

200 

54 

C 

-57 

463 

70 

65 

d 

(53 

13 

180 

5 

A 

-31 

594 

68 

47 

a 

46 

14 

180 

10 

A 

-39 

587 

61 

51 

6 

13 

M 

220 

70 

B 

7 

440 

73 

52 

28 

13 

M 

200 

6 

A 

-34 

568 

69 

4S 

15 

150 

10 

A 

-35 

625 

54 

47 

a 

13 

200 

73 

B 

8 

462 

69 

48 

13 

180 

5 

A 

-39 

601 

62 

48 

15 

T 

220 

29 

B 

-89 

468 

83 

47 

13 

180 

70 

B 

7 

496 

65 

57 

c 

13 

150 

5 

A 

-39 

644 

53 

53 

c 

49 

16 

200 

30 

B 

-99 

490 

75 

41 

16 

T 

220 

66 

C 

-38 

415 

88 

43 

29 

12 

M 

220 

9 

A 

-17 

519 

87 

38 

16 

180 

28 

B— 104 

517 

70 

35 

c 

46 

16 

200 

70 

C 

-40 

441 

82 

46 

13 

200 

9 

A 

-16 

548 

83 

45 

15 

13 

M 

220 

10 

A 

-33 

534 

73 

47 

16 

180 

72 

C 

-40 

472 

79 

52 

c 

50 

13 

M 

180 

9 

A 

-21 

581 

74 

SO 

c 

44 

13 

200 

9 

A 

-33 

561 

70 

48 

7 

16 

T 

220 

76 

D 

28 

404 

102 

SO 

30 

13 

200 

13 

A 

-32 

548 

68 

48 

15 

150 

9 

A 

-33 

630 

56 

52 

b 

16 

200 

75 

C 

-17 

430 

97 

48 

13 

180 

14 

A 

-33 

575 

64 

49 

50 

16 

T 

200 

52 

0 

32 

431 

124 

39 

16 

180 

75 

C 

-9 

451 

97 

45 

c 

48 

13 

150 

13 

A 

-31 

619 

55 

52 

b 

16 

180 

52 

c 

34 

460 

118 

40 

8 

16 

T 

220 

33 

B 

-68 

447 

92 

40 

10  1 

12 

M 

200 

32 

A 

-16 

500 

74 

4© 

17 

150 

55 

c 

35 

501 

109 

36 

c 

45 

16 

200 

36 

B 

-51 

467 

94 

42 

13 

180 

34 

A 

-14 

527 

70 

43 

16 

13 

M 

220 

16 

A 

-22 

505 

80 

41 

16 

180 

40 

B 

-19 

486 

100 

47 

d 

43 

13 

150 

32 

A 

-19 

575 

58 

43 

a 

13 

200 

15 

A 

-23 

534 

75 

43 

9 

13 

M 

200 

59 

B 

27 

458 

93 

45 

16 

T 

250 

97 

D 

29 

355 

101 

51 

48 

14 

180 

15 

A 

-24 

563 

70 

45 

b 

13 

180 

59 

B 

22 

487 

82 

44 

17 

M 

180 

98 

D 

37 

448 

92 

S3 

d 

15 

T 

220 

57 

C 

55 

400 

146 

49 

14 

150 

56 

B 

15 

546 

67 

49 

b 

46 

2 

12 

200 

30 

A 

-4 

504 

84 

49 

16 

200 

54 

C 

47 

430 

133 

42 

10 

13 

M 

200 

8 

A 

-26 

556 

75 

35 

13 

180 

29 

A 

-5 

532 

79 

48 

49 

16 

180 

53 

C 

48 

462 

127 

44 

c 

44 

13 

180 

7 

A 

-28 

587 

70 

40 

13 

M 

150 

27 

A 

-4 

581 

68 

SO 

a 

17 

13 

13 

15 

M 

250 

200 

150 

23 

22 

22 

A 

A 

A 

13 

4 

5 

436 

510 

587 

115 

93 

75 

46 

46 

47 

b 

14 

16 

16 

T 

150 

220 

200 

5 

91 

91 

A 

D 

D 

-26 

39 

48 

635 

374 

403 

61 

108 

114 

40 

35 

47 

b 

3 

12 

12 

13 

251 

200 

150 

34 

32 

30 

A 

A 

A 

2 

-3 

-6 

434 

500 

576 

99 

84 

66 

56 

49 

46 

b 

50 

AQ 

16 

180 

94 

D 

55 

430 

112 

48 

d 

41 

48 

220 

47 

425 

109 

11 

13 

M 

200 

8 

A 

-36 

563 

67 

47 

4 

12 

M 

200 

22 

A 

-18 

524 

76 

51 

16 

T 

C 

1 

40 

13 

180 

7 

A 

-38 

593 

62 

45 

13 

180 

21 

A 

-21 

551 

70 

47 

16 

200 

48 

C 

8 

445 

109 

36 

42 

14 

150 

6 

A 

-36 

639 

54 

52 

b 

48 

13 

150 

21 

A 

-18 

595 

61 

50 

a 

49 

16 

180 

53 

C 

30 

462 

115 

36 

d 

12 

12 

M 

249 

16 

A 

-28 

478 

80 

46 

5 

12 

M 

200 

23 

A 

9 

509 

96 

52 

18 

13 

M 

220 

9 

A 

-31 

531 

74 

39 

13 

200 

16 

A 

-32 

541 

67 

47 

13 

180 

23 

A 

9 

535 

89 

49 

13 

200 

10 

A 

-32 

557 

70 

44 

14 

150 

16 

A 

-33 

614 

53 

50 

a 

48 

13 

150 

23 

A 

9 

584 

77 

54 

b 

14 

180 

9 

A 

-34 

584 

65 

44 

b 

53 

17 

T 

180 

38 

B 

-63 

509 

85 

55 

16 

T 

220 

31 

B— 106 

467 

76 

46 

13 

13 

Ml 

220 

17 

A 

-22 

509 

79 

51 

17 

170 

37 

B 

-61 

522 

82 

54 

16 

200 

31 

B— 109 

492 

72 

45 

13 

200 

16 

A 

-23 

540 

74 

52 

17 

160 

37 

B 

-58 

537 

81 

53 

c 

53 

16 

180 

34 

B— 103 

518 

69 

50 

b 

44 

13 

180 

14 

A 

-29 

571 

67 

48 

b 

8 

12 

M 

200 

56 

B 

209 

394 

259 

43 

19 

13 

M 

200 

8 

A 

-43 

564 

62 

42 

16 

T 

220 

87 

D 

60 

364 

137 

47 

13 

180 

55 

B 

205 

432 

235 

44 

14 

180 

9 

A 

-47 

592 

56 

49 

16 

200 

86 

D 

54 

405 

123 

55 

(48 

13 

150 

54 

B 

198 

488 

197 

44 

d 

44 

14 

150 

9 

A 

-40 

629 

51 

48 

a 

16 

180 

82 

D 

49 

441 

112 

65 

P 

(52 

9 

12 

M 

200 

52 

B 

211 

398 

261 

45 

15 

T 

250 

37 

B 

-61 

406 

102 

41 

14 

13 

M 

200 

27 

A 

18 

496 

102 

48 

13 

170 

53 

B 

217 

446 

234 

39 

16 

200 

41 

B 

-63 

466 

91 

4© 

13 

180 

26 

A 

13 

525 

91 

47 

13 

150 

51 

B 

213 

489 

210 

46 

d 

43 

17 

150 

48 

C 

-20 

530 

80 

39 

c 

43 

14 

150 

26 

A 

16 

573 

80 

43 

a 

48 

10 

12 

M 

200 

44 

A 

81 

453 

151 

43 

40 

15 

13 

M 

200 

51 

B 

98 

427 

160 

36 

13 

180 

41 

A 

80 

488 

132 

44 

20 

13 

M 

200 

8 

A 

-45 

569 

60 

45 

13 

180 

49 

B 

96 

457 

147 

29 

(46 

13 

150 

40 

A 

80 

543 

113 

48 

c 

45 

14 

180 

8 

A 

-47 

595 

56 

49 

14 

150 

48 

B 

90 

517 

121 

34 

P 

(33 

11 

12 

M 

251 

34 

A 

17 

422 

113 

5© 

15 

150 

8 

A 

-45 

636 

48 

46 

a 

47 

18 

13 

M 

220 

64 

B 

54 

411 

123 

39 

12 

199 

32 

A 

3 

497 

89 

48 

21 

13 

M 

220 

12 

A 

-41 

531 

65 

48 

13 

200 

62 

B 

51 

443 

113 

38 

/ 

13 

150 

28 

A 

-2 

575 

69 

47 

c 

50 

13 

200 

12 

A 

-41 

555 

62 

50 

13 

180 

53 

B 

47 

476 

103 

39 

d 

39 

57 

14 

180 

12 

A 

-44 

583 

57 

45 

a 

48 

19 

12 

M 

250 

40 

A 

-5 

424 

89 

49 

12 

14 

M 

137 

28 

A 

18 

595 

75 

54 

22 

13 

M 

200 

26 

A 

-17 

515 

75 

45 

13 

200 

39 

A 

-10 

492 

75 

45 

14 

133 

27 

A 

11 

606 

70 

52 

14 

180 

25 

A 

-17 

541 

71 

45 

14 

150 

38 

A 

-9 

568 

61 

46 

b 

47 

14 

128 

27 

A 

14 

615 

69 

52 

c 

14 

150 

24 

A 

-20 

590 

59 

48 

a 

50 

16 

T 

220 

79 

D 

42 

386 

118 

38 

(50 

18 

T 

121 

128 

D 

35 

524 

63 

32 

20 

13 

M 

200 

35 

A 

-12 

497 

75 

41 

17 

200 

89 

D 

49 

403 

115 

35 

d 

(47 

18 

119 

130 

D 

36 

531 

62 

37 

13 

180 

34 

A 

-11 

529 

71 

46 
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Table  24. — Determinations  of  the  solar  constant  of  radiation,  1923  to  1939 — Continued 
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DISCUSSION  OF  SOLAR-CONSTANT  VALUES 

ACCURACY 

From  table  24,  we  took  the  results  of  days  observed  at  more  than  one  station 
during  the  5-year  interval  from  January  1932  to  December  1936.  These  results  we 
arranged  in  groups  in  order  of  their  divergence,  as  shown  in  table  25,  The  unit  is 
1/1,000  calorie.  Most  of  the  values  concern  Montezuma  and  Table  Mountain,  but 
there  are  a  great  many  in  which  Mount  St.  Katherine  figures  with  one  of  the  other 
stations. 

Table  25. — Numbers  of  daily  differences  between  stations  having  certain  amplitudes 


Amplitudes,  A  ....  22-28  20-22  18-20  16-18 

15 

14 

13 

12 

11 

10 

Number  of  days...  17  12 

10 

35 

13 

15 

22 

20 

22 

27 

Product  lines  1  X2  391  252  190 

595 

195 

210 

286 

240 

242 

270 

Amplitudes,  A  . . . .  9  8  7 

6 

5 

4 

3 

2 

1 

0 

Number  of  days...  34  30  35 

43 

51 

55 

55 

37 

48 

35 

Product  lines  1  X2  306  240  245 

258 

255 

220 

165 

74 

48 

0 

Total  days  _ _ 

. . .  616 

Total  of  products 

. . .  4682 

Weighted  mean  A 

7.6 

The  weighted  divergence  between  stations  being  0.0076  calorie,  the  weighted 
average  departure  of  one  station  from  the  mean  solar  constant  derived  from  two 
stations  is  0.0038  calorie. 

Although  it  is  not  fair  to  Montezuma  to  suppose  that  the  stations  are  of  equal 
merit,  yet  if  we  make  that  assumption,  and  proceed  as  usual,  we  find  the  weighted 
mean  percentage  probable  accidental  error  of  a  single  day  of  observation  of  the  solar 
constant  at  one  station  to  be : 

100X0.0038X0.84-^1.94=0.164,  or  1/6  of  1  percent. 

Although  this  computation  gives  a  result  so  surprisingly  small,  it  is  based  on  a  very 
large  number  of  comparisons,  using  the  direct  daily  results  of  observation,  as  con¬ 
tained  in  column  “S.C.”  of  table  24.  No  selection  to  exclude  any  unsatisfactory  days 
has  been  made.  Had  days  marked  “p”  at  one  or  both  stations  been  excluded,  the 
result  would  have  been  still  smaller. 

Yet,  unfortunately,  the  fact  that  the  average  probable  accidental  error  of  one 
day’s  solar-constant  value  observed  at  one  station,  based  on  this  extensive  comparison 
of  solar-constant  values  from  pairs  of  stations  in  opposite  hemispheres,  results  as 
1/6  of  1  percent,  any  sequence  of  several  days,  such  as  would  be  used  by  meteorologists 
and  others  in  studying  correlations  of  short-interval  phenomena  with  solar  variation, 
will  almost  surely  include  days  with  much  larger  real  errors  than  1/6  of  1  percent. 
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We  feel  that  only  when  one  deals  with  io-day  or  monthly  mean  values,  in  which 
several  stations  may  participate,  involving,  therefore,  from  6  to  75  days  of  observa¬ 
tion,  is  there  any  approach  to  certainty  that  the  real  errors  of  means  are  of  this  small 
order  of  amplitude. 

We  now  go  on  to  considerations  of  the  column  of  “preferred”  and  “improved 
preferred”  values  in  table  24.  Before  we  take  this  up  we  must  turn  aside  to  a  most 
interesting  subject,  as  follows: 

WAVE-LENGTH  DISTRIBUTION  OF  SOLAR  VARIATION,  AND  ITS 
APPLICATION  TO  “IMPROVED  PREFERRED”  DAILY  SOLAR- 
CONSTANT  VALUES  IN  TABLE  24 

In  previous  volumes  of  these  Annals  1  we  have  given  evidences  that  the  sun’s 
variation,  trifling  for  long-wave  rays,  increases  in  percentage  rapidly  as  we  pass 
from  green  to  blue,  to  violet,  and  to  ultraviolet  rays.  Theoretical  considerations 
would  lead  us  to  expect  this,  whether  we  regard  increasing  solar  radiation  as  being 
due  to  increased  temperatures  of  effective  radiating  surfaces,  or  to  increased  trans¬ 
parency  of  the  outer  solar  layers.  Either  change  of  spectral  intensity  would  produce 
a  solar  variation  proportional  to  a  power  of  the  reciprocal  of  the  wave  length. 

While  preparing  a  paper  on  solar  variation  and  weather,2  Abbot  was  led  to 
reinvestigate  the  subject  of  wave-length  distribution  of  solar  variation,  using  Monte¬ 
zuma  long-method  solar-constant  values  of  recent  years.  These  values  were  at  that 
time  nearly  all  revised  and  approximately  as  now  published  in  table  24.  Lor  the  pur¬ 
pose  of  comparison,  Abbot  selected  36  dates  in  the  years  1929  to  1939,  when  appar¬ 
ently  satisfactory  long-method  solar-constant  results  at  Montezuma  were  all  below 
1.945  calories,  and  45  dates  in  these  years  when  such  values  were  all  above  1.949 
calories.  The  mean  solar-constant  values  for  the  two  groups  were  1-9375  an^  1-9535 
calories,  respectively,  a  difference  of  0.0160  calorie,  or  0.82  percent. 

For  each  of  the  selected  days  the  computed  extra-atmospheric  energy  curve  on 
the  prismatic  scale  was  tabulated.  Then  all  days  were  individually  adjusted  by  multi¬ 
plying  all  the  intensities  of  a  given  day  by  an  appropriate  constant  near  unity,  such 
that  all  the  energy  curves,  both  for  high  and  for  low  solar  constant,  were  reduced 
to  approximate  equality  at  prismatic  places  14  and  13,  corresponding  to  wave  lengths 
0.986  and  1.062  microns,  respectively. 

It  was  then  discovered  that  some  unknown  change  had  occurred  in  the  adjust¬ 
ments  of  the  spectrobolometer  at  Montezuma,  prior  to  January  1936,  so  that  (the 
SS  factors  having  remained  unchanged)  the  computed  extra-atmospheric  energy 
curves  had  been  consistently  relatively  higher  for  short  wave  lengths,  relatively  lower 
for  long  wave  lengths,  in  later  years  than  before  1936.  It  is  presumed  that  this 
change  was  due  to  a  change  in  pointing  the  bolometer.  Whether  the  adjustment  was 
better  before  or  after  January  1936  we  do  not  know.  But  we  were  obliged  to  treat 
the  tabular  data  in  two  parts.  The  first  part  included  dates  1929  to  1935,  the  second, 
dates  1936  to  1939.  We  give  in  table  26  the  general  mean  values  for  the  energy  curves 
of  all  four  groups,  as  well  as  the  general  results  of  the  investigation  as  to  the  wave¬ 
length  distribution  of  solar  variation. 


1  Annals,  vol.  2,  pp.  105,  106,  1908;  vol.  3,  pp.  131-133,  1913;  vol.  4,  pp.  204-207,  1922;  vol.  5,  p.  29,  1932. 

2  Smithsonian  Misc.  Coll.,  vol.  101,  No.  1,  1941. 
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A  similar  comparison  of  high  and  low  groups,  but  on  a  less  extensive  scale, 
was  made  with  short-method  solar-constant  values  selected  from  Montezuma  data  of 
the  years  1937  and  1938.  These  data  comprised  two  groups  of  10  days  each,  and 
the  mean  range,  low  to  high,  in  solar  constant  was  1.1  percent.  In  figure  11  we  give 
the  ratios  of  percentage  change  outside  the  atmosphere  at  the  different  wave  lengths, 
divided  by  the  corresponding  percentage  change  of  the  solar  constant,  for  both  the 
long-  and  the  short-method  investigations.  Curve  A  is  for  the  long  method,  curve  B 


Table  26. — Wave-length  distribution  of  solar  variation 
From  long-method  observations  at  Montezuma 


Spectrum  place 

Energy  spectrum 
prior  to 

Jan.  1,  1936 

A 

Energy  spectrum 
after  Jan.  1,  1936 

Wave 

length 

microns 

Percent 

change 

Ratio  to 
S.C.  change 

Prismatic 

High  S.C. 

Low  S.C. 

High  S.C. 

Low  S.C. 

Ax 

A2 

2 

46 

0.350 

290 

270 

305 

298 

20 

7 

13.5 

4.7 

5.7 

44 

.360 

385 

272 

305 

290 

13 

15 

14.0 

4.8 

5.9 

42 

.371 

496 

478 

524 

516 

18 

8 

13.0 

2.6 

3.2 

40 

.385 

422 

411 

452 

446 

11 

6 

8.5 

2.0 

2.4 

38 

.397 

651 

632 

689 

674 

19 

15 

17.0 

2.6 

3.2 

36 

.413 

955 

939 

999 

984 

16 

15 

15.5 

1.6 

2.0 

34 

.431 

986 

967 

1050 

1022 

19 

28 

23.5 

2.4 

2.9 

32 

.452 

1270 

1250 

1317 

1307 

20 

10 

15.0 

1.2 

1.5 

30 

.475 

1620 

1596 

1679 

1662 

24 

17 

20.5 

1.2 

1.2 

28 

.503 

1950 

1929 

2012 

2000 

21 

12 

16.5 

0.9 

1.1 

26 

.535 

2312 

2276 

2385 

2359 

36 

26 

31.0 

1.3 

1.6 

24 

.574 

2551 

2520 

2630 

2606 

31 

24 

27.5 

1.1 

1.3 

22 

.624 

2808 

2774 

2869 

2851 

34 

18 

26.0 

0.9 

1.1 

20 

.686 

3173 

3172 

3239 

3242 

1 

—  3 

-  1.0 

0.0 

0.0 

19 

.722 

3376 

3376 

3427 

3416 

0 

11 

5.5 

0.1 

0.1 

18 

.764 

3481 

3474 

3538 

3510 

7 

28 

17.5 

0.5 

0.6 

17 

.812 

3524 

3520 

3568 

3558 

4 

10 

7.0 

0.2 

0.2 

16 

.863 

3544 

3543 

3578 

3571 

1 

7 

4.0 

0.1 

0.1 

15 

.922 

3467 

3466 

3482 

3492 

1 

-10 

-4.5 

-0.1 

-0.1 

14 

.986 

3305 

3313 

3311 

3315 

—  8 

—  4 

-6.0 

-0.2 

—  0.2 

13 

1.062 

3043 

3049 

3046 

3048 

-6 

—  2 

-4.0 

-0.1 

—  0.1 

12 

1.146 

2708 

2719 

2719 

2713 

—  11 

+  6 

-2.5 

-0.1 

-0.1 

11 

1.226 

2385 

2397 

2390 

2396 

—  12 

—  6 

—  9.0 

-0.4 

-0.5 

10 

1.302 

2087 

2095 

2089 

2094 

-8 

-5 

-6.5 

-0.3 

-0.4 

9 

1.377 

1794 

1807 

1789 

1785 

-  13 

+  4 

—  4.5 

-0.3 

—  0.4 

8 

1.452 

1554 

1565 

1541 

1538 

-  11 

+  3 

—  4.0 

-0.3 

-0.4 

7 

1.528 

1343 

1353 

1320 

1320 

-  10 

0 

—  5.0 

-0.4 

-0.5 

6 

1.603 

1170 

1178 

1136 

1141 

-8 

-5 

—  6.5 

—  0.6 

-0.7 

5 

1.670 

1072 

1083 

1041 

1046 

-  11 

-5 

—  8.0 

—  0.8 

-  1.0 

4 

1.738 

982 

992 

954 

960 

-10 

—  6 

-8.0 

-0.8 

-  1.0 

for  the  short  method,  and  curve  C  is  a  smoothed  representation  of  their  mean.  The 
curves  are  based  on  assumed  approximately  zero  change  at  places  12,  13,  and  14. 

Clearly  these  investigations,  which  deal  with  different  groups  of  days,  and  with 
different  methods  of  determining  the  solar  constant,  agree  with  the  results  already 
cited  from  earlier  volumes  of  these  Annals,  in  their  indication  that  the  solar  variation 
is  much  greater,  in  percentage,  for  the  shorter  wave  lengths  than  for  the  longer  ones. 
We  find,  in  fact,  that  the  solar  variation  at  wave  length  0.35  micron  in  the  ultraviolet 
is  nearly  six  times  as  great  in  percentage  as  the  variation  in  the  total  radiation. 

The  discrepancies  between  the  results  obtained  from  the  long  and  the  short 
methods  are  hardly  beyond  the  error  of  the  investigation.  Notwithstanding  that  only 
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one-fourth  as  many  days  of  the  short  method  were  used  as  of  the  long,  the  short- 
method  results  are  the  more  consistent.  This  supports  the  view  advanced  in  chapter  4 
regarding  the  greater  accuracy  of  the  short  method.  The  smoothed  curve  marked  C 
in  figure  1 1  is  regarded  as  a  satisfactory  indication  of  the  distribution  of  solar  varia¬ 
tion  in  wave  length.  We  hope,  however,  at  a  later  time  to  compare  short-interval  and 
long-interval  solar  changes  in  regard  to  the  wave-length  distribution. 

Having  obtained  these  results,  it  occurred  to  us  that  since  it  was  well  known 
that  much  of  the  error  in  determining  the  variation  of  the  sun  from  day  to  day  lies 
in  pyrheliometry,  and  in  estimating  the  effects  of  water-vapor  absorption,  a  useful 
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Fig.  ii. — Wave-length  distribution  of  solar  variation. 


check  on  gross  discordances  from  day  to  day  and  between  stations  might  be  found 
in  a  short-wave  comparison  of  the  extra-atmospheric  energy  spectrum. 

In  order  to  apply  this  check  we  selected  the  prismatic  spectrum  places  46,  44, 
42,  40,  38,  14,  13,  for  examination.  Using  results  of  many  days,  we  computed  for 
each  field  station  mean  values  of  the  intensity  at  places  14  and  13.  We  then  reduced 
the  intensities 'at  other  spectrum  places  to  such  values  as  made  the  mean  intensities 
at  places  14  and  13  approximately  equal  for  all  days  when  comparisons  with  solar- 
constant  values  seemed  desirable.  Our  object  then  was  to  see  whether  the  variation 
from  day  to  day  in  the  shorter  wave-length  spectrum  marched  up  and  down  along 
with  the  solar-constant  results.  If  not,  then  with  the  data  of  curve  C,  figure  11, 
in  mind,  we  could  indicate  a  value  of  the  solar  constant  for  a  given  day  which  would 
make  the  spectrum  variation  reasonable. 
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It  was  gratifying  to  find  in  how  many  cases  this  comparison  indicated  a  more 
reasonable  march  of  the  solar-constant  changes,  and  a  better  agreement  between  the 
results  of  the  several  field  stations.  Spectral  comparisons  were  therefore  used  by 
Abbot  throughout  as  a  partial  basis  for  computing  the  daily  values  given  in  italics 
in  the  final  column  of  table  24,  and  termed  “improved  preferred.” 

Besides  this  spectral  distribution  as  an  indicator  of  the  probable  values,  the 
continuity  of  trends  from  day  to  day  was  much  relied  upon.  The  difference  in  merit 
of  the  four  stations,  rated  Montezuma,  St.  Katherine,  Table  Mountain,  Harqua  Hala, 
in  order  of  average  accuracy  of  results,  was  considered  when  daily  means  were  taken 
to  be  entered  in  the  column  “Preferred  S.C.” 

In  order  to  study  the  march  of  individual  days  of  solar-constant  observation 
fruitfully,  the  daily  mean  values  in  table  24  were  plotted  on  the  scale  1  centimeter 
in  ordinates  equals  0.001  calorie,  and  1  centimeter  in  abscissae  equals  2  days.  On 
this  large  scale  all  the  individual  daily  mean  solar  constants  of  Montezuma,  Table 
Mountain,  and  St.  Katherine  were  entered,  using  different  colors  for  the  three  stations, 
and  different  symbols  to  indicate  the  grades  assigned  to  them  in  table  24.  From  the 
march  of  values  from  day  to  day,  from  the  study  of  spectral  distributions,  and  from 
other  guiding  indications,  “improved”  daily  values  were  plotted  for  such  days  and 
stations  as  seemed  to  need  it.  From  these  “improved”  values,  and  the  others  which 
were  not  altered,  the  “preferred”  and  “improved  preferred”  daily  solar-constant 
values  given  in  table  24  were  obtained. 

We  do  not  assert  that  these  adjustments  are  free  from  objection  on  grounds  of 
personal  equation.  We  feel  sure,  however,  that  as  they  are  to  a  good  extent  based 
on  spectral  distribution,  the  “improved  preferred”  daily  mean  values  are  distinctly 
better  than  the  “preferred”  mean  values,  in  which  merely  weighted  means  appear. 
The  weights  assigned  to  the  several  stations  in  computing  “preferred”  values  are  the 
result  of  personal  judgments,  depending  on  the  grades  assigned,  and  also  on  the  general 
order  of  merit  of  the  stations,  to  wit:  1.  Montezuma;  2.  St.  Katherine;  3.  Table 
Mountain;  4.  Harqua  Plala. 

It  will  be  recalled  that  table  46,  volume  5  of  these  Annals,  was  prepared  by 
Abbot  in  about  the  same  way  as  the  present  “preferred”  values.  That  table  has  never 
been  very  highly  regarded,  even  by  Abbot  himself,  but  Dr.  H.  Arctowski,  who  has 
recently  used  table  46  of  volume  5  liberally  as  a  basis  for  his  investigations,3  has 
brought  new  evidence  from  correlations  of  solar  variation  with  other  data  that  the 
aforesaid  table  46  has  considerable  merit.  We  cannot  doubt  that  the  “improved 
preferred”  values  of  the  present  table  24  represent  a  long  step  further  in  accuracy. 

Nevertheless  we  remind  the  reader  that  he  is  not  compelled  to  take  our  judgment 
as  to  which  value  is  best  for  a  given  day.  Fie  has  before  him  in  the  column  “S.C.”  of 
table  24  the  directly  computed  values,  unaltered  by  any  personal  judgment.  We  would 
counsel  those  who  undertake  correlations  of  the  daily  solar-constant  values  with  other 
phenomena  to  be  prepared  to  throw  out  our  “preferred”  and  “improved  preferred” 
values  and  go  back  to  try  the  column  “S.C.”  whenever  they  find  unexpected  dis¬ 
cordances  arising  in  their  correlations. 

3  Proc.  Nat.  Acad.  Sci.,  vol.  26,  No.  6,  pp.  406-411,  June  1940;  also  Bull.  Amer.  Meteorol.  Soe.,  vol.  21,  pp.  257- 
261,  June  1940. 
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THE  10-DAY  AND  MONTHLY  MEAN  SOLAR-CONSTANT  VALUES 

We  have  thought  it  valuable  to  give  not  only  “preferred”  and  “improved  pre¬ 
ferred”  values  of  these  quantities,  but  also  to  give  the  io-day  and  monthly  mean 
values  of  the  solar  constant  from  the  individual  stations.  Table  24  is  the  main  source; 
it  contains  the  daily  Montezuma  values  revised  from  1923  and  Table  Mountain  values 
revised  from  1926.  It  is  thought  of  interest,  however,  to  include  in  table  27  the  10-day 
and  monthly  mean  values  from  Mount  Harqua  Hala,  Ariz.,  and  from  Montezuma 
beginning  with  August  1920,  when  Montezuma  began  reporting.  These  earlier  values 
are  taken  from  volume  5  of  these  Annals  and  from  a  paper  published  by  Abbot,4 
with  adjustments  as  described  in  a  later  paper  by  Abbot,5  to  which  sources  readers 
interested  are  referred.  One  change  has  been  made  in  these  adjustments.  A  more 
careful  comparison  of  long-method  and  short-method  values  at  Harqua  Hala  has  led 
us  here  to  reduce  the  scale  correction  on  short  methods  from  0.027  to  0.016  over  the 
interval  October  1924  to  October  1925. 

The  headings  of  table  27  are  as  follows :  Date,  given  as  Arabic-numbered  month 
and  Roman-numbered  decade.  Thus,  for  June  11  to  20  we  use  6  II.  Then  follows 
a  letter,  H,  M,  K,  or  T,  indicating  the  stations  Harqua  Hala,  Montezuma,  St.  Kath¬ 
erine,  or  Table  Mountain,  respectively,  with  a  numerical  value  indicating  the  10-day 
mean  at  that  station,  as  for  instance,  M  44.  The  numerical  value  is  to  be  regarded 
as  prefixed  by  1.9,  so  that  for  M  44  we  should  read  “Montezuma  value,  1.944  calories 
per  square  centimeter  per  minute.”  At  first  there  are  two  stations,  Harqua  Hala  and 
Montezuma.  In  the  second  part  of  the  table,  derived  from  table  24,  we  give  the  10-day 
and  monthly  means  at  two  stations,  M.  and  T.  Beginning  with  1933  and  continuing  for 
5  years  there  is  space  for  M,  K,  and  T.  Finally  follows  the  “Preferred  mean”  and 
the  “Improved  preferred  mean”  which  are  computed  directly  from  corresponding- 
daily  values  in  table  24,  already  explained. 

We  greatly  regret  that  when  the  long-continued  large  depression  of  the  solar 
constant  occurred,  during  1922,  the  Montezuma  observations  (as  of  1921  also)  were 
very  few,  owing  to  laxness  on  the  part  of  the  observers  there.  On  the  other  hand, 
the  meteorological  conditions  on  Mount  Harqua  Hala  led  to  much  greater  accidental 
error  there  than  at  Montezuma.  Plence  this  critical  interval  of  unusually  large  solar 
variation,  1921  and  1922,  is  unfortunately  less  well  observed  than  any  subsequent 
interval. 


4  Smithsonian  Misc.  Coll.,  vol.  77,  No.  3,  1925. 

5  Smithsonian  Misc.  Coll.,  vol.  101,  No.  1,  pp.  2,  3,  1941. 


ANNALS  OF  THE  ASTROPH YSICAL  OBSERVATORY 


169 


Table  27. — Ten-day  and  monthly  mean  solar-constant  values 


In  computing  columns  H,  M,  T,  and  K,  “poor 

’  daily  values  were  omitted. 

All  values 

were 

employed  under  “ 

Preferred” 

and 

“Improved  preferred.” 

Station 

Station 

Station 

A 

A 

Date 

'h 

m' 

mean 

Date 

'fi 

m' 

mean 

Date 

'h 

m' 

mean 

1920 

a 

b 

7  I 

40 

60 

50 

6  I 

41 

10 

25 

8  I 

30 

30 

II 

47 

57 

52 

II 

15 

13 

14 

II 

27 

27 

III 

44 

53 

49 

III 

09 

20 

14 

III 

32 

32 

Month 

43 

56 

50 

Month 

23 

14 

18 

Month 

30 

30 

8  I 

38 

44 

41 

7  I 

04 

04 

04 

9  I 

51 

51 

II 

51 

51 

II 

21 

13 

17 

II 

44 

44 

III 

38 

38 

III 

31 

18 

24 

III 

44 

44 

Month 

42 

44 

43 

Month 

16 

12 

14 

Month 

47 

47 

9  I 

44 

44 

8  I 

18 

19 

19 

10  I 

47 

42 

44 

II 

51 

51 

II 

33 

16 

24 

II 

59 

50 

54 

III 

44 

69 

52 

III 

19 

21 

20 

III 

35 

43 

40 

Month 

47 

69 

50 

Month 

23 

18 

21 

Month 

46 

44 

45 

10  I 

45 

59 

52 

9  I 

31 

31 

11  I 

58 

51 

54 

II 

45 

69 

57 

dII 

—  16 

32 

10 

II 

56 

46 

50 

III 

55 

66 

60 

III 

18 

16 

17 

III 

30 

45 

39 

Month 

48 

62 

55 

Month 

11 

24 

17 

Month 

54 

48 

50 

1?  T 

57 

57 

11  I 

61 

53 

57 

10  I 

30 

26 

28 

ii 

41 

57 

51 

II 

61 

49 

55 

II 

21 

29 

25 

in 

50 

56 

54 

III 

69 

52 

60 

III 

18 

18 

Month 

46 

57 

53 

Month 

63 

51 

57 

Month 

23 

27 

25 

1921 c 

12  I 

50 

56 

53 

11  I 

23 

29 

26 

1  I 

61 

56 

58 

II 

58 

38 

48 

II 

24 

35 

30 

II 

65 

53 

59 

III 

52 

52 

III 

19 

20 

19 

III 

54 

54 

Month 

52 

53 

52 

Month 

22 

29 

26 

Month 

60 

55 

57 

1922 

12  I 

35 

12 

24 

2  I 

46 

46 

1  I 

40 

24 

32 

II 

28 

16 

22 

II 

61 

52 

56 

II 

51 

46 

48 

III 

34 

12 

23 

III 

50 

58 

54 

III 

44 

52 

48 

Month 

33 

15 

24 

Month 

53 

56 

55 

Month 

46 

.48 

47 

1923 

3  I 

59 

57 

58 

2  I 

48 

11 

40 

1  I 

45 

46 

45 

II 

40 

40 

40 

II 

52 

47 

49 

II 

36 

36 

III 

47 

47 

III 

47 

48 

48 

III 

30 

30 

Month 

48 

49 

49 

Month 

50 

43 

46 

Month 

38 

46 

42 

4  I 

44 

51 

47 

3  I 

37 

49 

43 

2  I 

28 

34 

31 

II 

54 

41 

47 

II 

38 

39 

39 

II 

44 

51 

47 

III 

60 

34 

47 

III 

27 

32 

30 

III 

02 

23 

15 

Month 

55 

44 

47 

Month 

34 

38 

36 

Month 

27 

30 

29 

5  I 

58 

46 

52 

4  I 

35 

30 

32 

3  I 

34 

29 

31 

II 

54 

39 

48 

II 

27 

37 

32 

II 

30 

36 

34 

III 

61 

41 

51 

III 

28 

25 

27 

III 

32 

31 

31 

Month 

57 

43 

50 

Month 

30 

31 

30 

Month 

31 

32 

32 

6  I 

40 

33 

36 

5  I 

30 

24 

27 

4  I 

33 

34 

34 

II 

44 

36 

40 

II 

38 

25 

31 

II 

23 

28 

26 

III 

37 

45 

41 

III 

32 

32 

III 

30 

34 

32 

Month 

39 

39 

39 

Month 

35 

25 

30 

Month 

29 

32 

31 

*  See  Smithsonian  Misc.  Coll.,  vol.  101,  No.  1,  pp.  2,  3,  1941. 
b  See  Annals,  vol.  5,  table  31,  1932. 

0  From  Jan.  1921  to  Feb.  1923,  Montezuma  observations  were  few.  Hence  reduced  weight. 
d  H,  1.884. 
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Table  27. — Ten-day  and  monthly  mean  solar-constant  values — Continued 


Station 

-A, 


Date 

A. 

'h 

m' 

Preferred 

mean 

5  I 

34 

34 

34 

1.1 

34 

35 

35 

III 

38 

37 

37 

Month 

36 

36 

36 

6  I 

29 

18 

23 

II 

31 

34 

33 

III 

31 

33 

32 

Month 

30 

28 

29 

7  I 

39 

34 

35 

II 

28 

28 

III 

44 

44 

Month 

39 

36 

37 

8  I 

42 

42 

II 

40 

40 

III 

41 

41 

Month 

41 

41 

e9  I 

43 

53 

49 

II 

34 

56 

49 

III 

38 

51 

47 

Month 

37 

53 

48 

10  I 

47 

46 

46 

II 

43 

43 

43 

III 

46 

46 

46 

Month 

45 

45 

45 

11  I 

36 

46 

43 

II 

42 

45 

44 

III 

38 

42 

41 

Month 

38 

44 

42 

12  I 

44 

42 

43 

II 

37 

44 

42 

III 

32 

35 

34 

Month 

39 

43 

41 

1924 

1  I 

37 

44 

42 

II 

36 

43 

41 

III 

33 

45 

41 

Month 

36 

44 

41 

2  I 

47 

41 

43 

II 

41 

38 

39 

III 

51 

42 

45 

Month 

46 

41 

43 

3  I 

42 

52 

49 

II 

37 

43 

41 

III 

41 

43 

42 

Month 

40 

47 

45 

4  I 

35 

39 

38 

II 

36 

42 

40 

III 

43 

43 

43 

Month 

38 

42 

41 

Station 


Date 

'h 

m' 

Preferred 

mean 

5  I 

45 

47 

46 

II 

49 

49 

49 

III 

45 

51 

49 

Month 

46 

50 

49 

6  I 

33 

56 

48 

II 

45 

49 

48 

III 

49 

52 

51 

Month 

44 

52 

49 

7  I 

43 

51 

48 

II 

49 

54 

52 

III 

54 

47 

49 

Month 

50 

51 

51 

8  I 

54 

54 

II 

.  c 

43 

43 

III 

53 

41 

45 

Month 

53 

46 

48 

9  I 

41 

41 

II 

40 

47 

45 

III 

61 

50 

54 

Month 

50 

47 

48 

10  I 

43 

52 

49 

II 

53 

52 

52 

III 

48 

53 

51 

Month 

49 

52 

51 

11  I 

43 

55 

51 

II 

55 

50 

52 

III 

52 

53 

53 

Month 

48 

53 

51 

12  I 

62 

51 

55 

II 

58 

47 

51 

III 

61 

49 

53 

Month 

60 

50 

53 

1925 

1  I 

52 

44 

47 

II 

55 

49 

51 

III 

55 

55 

Month 

54 

46 

49 

2  I 

54 

54 

II 

58 

54 

55 

III 

56 

56 

Month 

56 

55 

55 

3  I 

58 

58 

II 

58 

48 

51 

III 

28 

52 

50 

Month 

48 

50 

49 

4  I 

46 

54 

51 

II 

47 

50 

49 

III 

43 

41 

42 

Month 

45 

50 

48 

Station 

A 


Date 

'h 

A 

m' 

P 

referred 

mean 

5  I 

36 

46 

43 

II 

55 

48 

50 

III 

48 

48 

48 

Month 

45 

48 

47 

6  I 

48 

45 

46 

II 

45 

50 

48 

III 

S3 

48 

50 

Month 

47 

48 

48 

7  I 

52 

51 

51 

II 

61 

51 

54 

III 

31 

45 

40 

Month 

49 

49 

49 

8  I 

53 

48 

50 

II 

41 

44 

43 

III 

63 

48 

53 

Month 

50 

47 

48 

9  I 

45 

54 

51 

II 

59 

47 

51 

III 

46 

47 

47 

Month 

49 

49 

49 

10  I 

40 

48 

45 

II 

38 

50 

46 

III 

42 

46 

45 

Month 

39 

48 

45 

11  I 

42 

42 

II 

49 

49 

III 

47 

47 

Month 

46 

46 

12  I 

48 

48 

II 

46 

46 

III 

50 

50 

Month 

48 

48 

Station 

A 

Pre¬ 

ferred 

mean 

Improved 

pre¬ 

ferred 

mean 

Date 

T 

M 

1926 

1  I 

42 

48 

46 

45 

II 

53 

50 

50 

47 

III 

38 

44 

38 

45 

Month 

44 

48 

45 

46 

2  I 

38 

40 

39 

41 

II 

40 

41 

40 

42 

III 

28 

40 

35 

41 

Month 

34 

41 

38 

41 

3  I 

31 

44 

41 

42 

II 

36 

52 

45 

45 

III 

36 

39 

37 

41 

Month 

35 

44 

40 

42 

0  Montezuma  revised  hereafter.  See  table  24.  Grade  “p”  values  excluded. 
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Table  27. — Ten-day  and  monthly  mean  solar-constant  values — Continued 


Date 

Station 

T  M 

Pre¬ 

ferred 

mean 

Improved 

pre¬ 

ferred 

mean 

Date 

Station 

T  M 

Pre¬ 

ferred 

mean 

Improved 

pre¬ 

ferred 

mean 

Date 

Station 

T  M' 

Pre¬ 

ferred 

mean 

Improved 

pre¬ 

ferred 

mean 

4  I 

36 

33 

38 

4  I 

43 

45 

48 

49 

4  I 

33 

43 

42 

41 

II 

32 

40 

39 

41 

II 

39 

46 

45 

46 

II 

43 

41 

44 

43 

III 

36 

40 

42 

39 

III 

41 

43 

39 

40 

III 

55 

41 

47 

43 

Month 

34 

39 

38 

39 

Month 

41 

45 

44 

45 

Month 

47 

42 

44 

42 

5  I 

42 

42 

39 

39 

5  I 

35 

43 

40 

41 

5  I 

53 

44 

44 

44 

II 

38 

40 

40 

41 

II 

44 

43 

47 

43 

II 

51 

51 

42 

III 

44 

41 

41 

43 

III 

44 

42 

42 

43 

III 

46 

48 

40 

Month 

39 

41 

40 

41 

Month 

41 

42 

43 

42 

Month 

53 

47 

48 

42 

6  I 

32 

39 

38 

39 

6  I 

44 

48 

50 

49 

6  I 

52 

48 

48 

42 

II 

40 

45 

42 

45 

II 

44 

43 

43 

46 

II 

57 

48 

54 

52 

III 

33 

46 

41 

43 

III 

45 

43 

44 

44 

III 

46 

46 

45 

46 

Month 

36 

43 

41 

43 

Month 

44 

45 

46 

46 

Month 

50 

47 

49 

46 

7  I 

40 

44 

43 

41 

7  I 

47 

44 

45 

48 

7  I 

45 

45 

45 

44 

II 

34 

42 

41 

41 

II 

36 

44 

42 

42 

II 

43 

44 

43 

43 

III 

36 

43 

41 

42 

III 

41 

45 

45 

44 

III 

42 

41 

42 

41 

Month 

37 

43 

42 

42 

Month 

41 

45 

44 

44 

Month 

44 

43 

43 

43 

8  I 

37 

44 

45 

42 

8  I 

40 

42 

41 

42 

8  I 

37 

44 

37 

41 

II 

44 

43 

45 

45 

II 

48 

41 

43 

43 

II 

40 

45 

44 

43 

III 

49 

48 

49 

46 

III 

45 

46 

45 

45 

III 

43 

41 

44 

44 

Month 

45 

45 

46 

44 

Month 

44 

43 

43 

44 

Month 

39 

44 

42 

43 

9  I 

39 

44 

42 

44 

9  I 

52 

42 

46 

46 

9  I 

44 

39 

39 

II 

42 

45 

42 

43 

II 

53 

43 

50 

49 

II 

49 

44 

46 

45 

III 

45 

46 

44 

47 

III 

46 

47 

48 

47 

III 

45 

41 

38 

38 

Month 

42 

45 

43 

45 

Month 

50 

44 

48 

48 

Month 

48 

43 

42 

42 

10  I 

40 

41 

39 

39 

10  I 

48 

48 

43 

44 

10  I 

44 

45 

44 

44 

II 

34 

42 

40 

41 

II 

39 

44 

40 

40 

II 

43 

49 

45 

46 

III 

30 

37 

35 

37 

III 

41 

42 

41 

42 

III 

42 

39 

41 

43 

Month 

35 

40 

38 

39 

Month 

43 

45 

42 

42 

Month 

43 

44 

43 

44 

11  I 

37 

37 

36 

36 

11  I 

47 

47 

45 

47 

11  I 

46 

43 

44 

49 

II 

39 

36 

36 

35 

II 

46 

45 

45 

47 

II 

49 

46 

49 

47 

III 

45 

39 

39 

III 

48 

45 

48 

46 

III 

49 

48 

46 

47 

Month 

38 

37 

36 

36 

Month 

47 

46 

46 

47 

Month 

48 

45 

46 

47 

12  I 

37 

33 

38 

12  I 

47 

48 

47 

47 

12  I 

44 

50 

46 

47 

II 

43 

38 

39 

40 

II 

46 

39 

44 

43 

II 

46 

45 

44 

45 

III 

38 

37 

37 

37 

III 

40 

39 

39 

38 

III 

51 

46 

49 

48 

Month 

41 

37 

37 

39 

Month 

46 

43 

44 

43 

Month 

49 

46 

47 

47 

1927 

1  I 

39 

39 

40 

40 

1928 

1  I 

38 

44 

43 

41 

1929 

1  I 

48 

45 

47 

47 

II 

40 

36 

38 

38 

II 

40 

40 

38 

40 

II 

45 

50 

46 

III 

39 

38 

37 

37 

III 

36 

46 

42 

41 

III 

45 

43 

46 

47 

Month 

40 

38 

39 

39 

Month 

38 

44 

41 

40 

Month 

46 

44 

48 

47 

2  I 

32 

34 

34 

39 

2  I 

42 

46 

46 

43 

2  I 

45 

43 

45 

42 

II 

46 

47 

52 

II 

38 

43 

41 

41 

II 

42 

39 

41 

40 

III 

41 

31 

42 

III 

41 

47 

39 

39 

III 

42 

35 

38 

44 

Month 

35 

41 

39 

45 

Month 

40 

45 

42 

42 

Month 

43 

40 

41 

42 

3  I 

36 

30 

43 

3  I 

42 

46 

46 

43 

3  I 

46 

44 

47 

46 

II 

33 

49 

42 

48 

II 

44 

46 

48 

46 

II 

42 

36 

37 

45 

III 

38 

50 

42 

45 

III 

40 

47 

43 

41 

III 

38 

43 

40 

43 

Month 

36 

49 

40 

46 

Month 

42 

47 

46 

43 

Month 

42 

39 

41 

45 
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Table  27. — Ten-day  and  monthly  mean  solar-constant  values — Continued 


Station 

Pre¬ 

ferred 

mean 

Improved 

pre¬ 

ferred 

Station 

Pre¬ 

ferred 

mean 

Improved 

pre¬ 

ferred 

mean 

Station 

Pre¬ 

Improved 

pre¬ 

Date 

T 

M 

mean 

Date 

T 

M 

Date 

M1 

ferred 

mean 

ferred 

mean 

4  I 

24 

37 

37 

41 

4  I 

40 

42 

43 

43 

4  I 

38 

52 

46 

43 

II 

32 

49 

47 

49 

II 

43 

40 

40 

43 

II 

48 

46 

46 

47 

III 

39 

44 

44 

46 

III 

44 

44 

44 

III 

43 

46 

40 

Month 

32 

44 

43 

45 

Month 

40 

42 

42 

43 

Month 

41 

47 

46 

44 

5  I 

43 

42 

42 

42 

5  I 

45 

45 

44 

5  I 

56 

56 

52 

II 

38 

43 

42 

45 

II 

49 

49 

49 

II 

49 

50 

49 

III 

47 

44 

44 

44 

III 

48 

47 

47 

48 

III 

50 

46 

50 

46 

Month 

41 

43 

43 

44 

Month 

48 

47 

47 

48 

Month 

51 

46 

51 

48 

6  I 

39 

40 

44 

6  I 

48 

46 

47 

47 

6  I 

54 

47 

48 

49 

II 

39 

34 

34 

41 

II 

56 

46 

53 

47 

II 

44 

46 

48 

50 

III 

33 

41 

38 

42 

III 

50 

45 

50 

48 

III 

47 

45 

45 

43 

Month 

36 

39 

37 

42 

Month 

52 

46 

50 

48 

Month 

48 

46 

47 

47 

7  I 

40 

40 

39 

7  I 

49 

44 

45 

42 

7  I 

46 

58 

46 

40 

II 

36 

41 

41 

40 

II 

49 

54 

49 

II 

42 

62 

49 

44 

III 

45 

42 

42 

42 

III 

54 

52 

53 

49 

III 

37 

48 

48 

46 

Month 

39 

41 

41 

40 

Month 

52 

46 

50 

47 

Month 

42 

53 

48 

43 

8  I 

40 

40 

39 

38 

8  I 

47 

47 

47 

8  I 

44 

49 

48 

48 

II 

40 

40 

41 

II 

52 

50 

52 

47 

II 

46 

51 

50 

48 

III 

33 

40 

40 

40 

III 

53 

48 

49 

48 

III 

47 

45 

47 

Month 

36 

40 

39 

40 

Month 

53 

48 

49 

47 

Month 

45 

49 

47 

48 

9  I 

42 

40 

41 

40 

9  I 

48 

47 

48 

48 

9  I 

44 

50 

49 

47 

II 

29 

38 

37 

37 

II 

47 

38 

44 

46 

II 

44 

52 

45 

48 

III 

43 

43 

41 

41 

III 

49 

42 

45 

47 

III 

46 

54 

51 

49 

Month 

41 

40 

40 

40 

Month 

48 

45 

46 

47 

Month 

45 

52 

49 

48 

10  I 

43 

41 

41 

41 

10  I 

44 

45 

44 

46 

10  I 

49 

54 

51 

50 

II 

46 

44 

42 

40 

II 

47 

47 

46 

46 

II 

38 

45 

43 

47 

III 

32 

38 

34 

34 

III 

48 

46 

48 

46 

III 

48 

43 

46 

47 

Month 

42 

42 

39 

39 

Month 

47 

46 

46 

46 

Month 

46 

48 

47 

48 

11  I 

38 

42 

40 

40 

11  I 

46 

48 

47 

47 

11  I 

39 

43 

43 

47 

II 

45 

42 

44 

40 

II 

48 

48 

47 

47 

II 

47 

45 

45 

49 

III 

44 

47 

46 

46 

III 

48 

53 

51 

51 

III 

46 

46 

46 

48 

Month 

42 

44 

43 

42 

Month 

47 

49 

48 

48 

Month 

44 

45 

45 

48 

12  I 

46 

47 

46 

46 

12  I 

49 

53 

52 

52 

12  I 

40 

44 

43 

48 

II 

45 

48 

46 

47 

II 

43 

54 

54 

53 

II 

46 

48 

52 

III 

45 

46 

44 

47 

III 

47 

55 

51 

51 

III 

41 

47 

47 

Month 

45 

47 

46 

47 

Month 

50 

54 

52 

51 

Month 

40 

45 

46 

50 

1930 

1931 

1932 

1  I 

38 

46 

41 

45 

1  I 

41 

43 

42 

52 

1  I 

47 

46 

47 

48 

II 

52 

41 

45 

43 

II 

44 

50 

48 

50 

II 

47 

45 

47 

49 

III 

56 

40 

45 

41 

III 

52 

52 

48 

III 

40 

46 

43 

45 

Month 

46 

42 

44 

43 

Month 

45 

49 

48 

50 

Month 

44 

46 

45 

47 

2  I 

43 

40 

41 

42 

2  I 

48 

48 

44 

2  I 

43 

44 

45 

II 

45 

46 

45 

43 

II 

45 

49 

so 

51 

II 

39 

49 

45 

45 

III 

48 

48 

50 

III 

33 

46 

42 

48 

III 

26 

48 

32 

45 

Month 

44 

44 

44 

44 

Month 

37 

48 

46 

49 

Month 

29 

47 

39 

45 

3  I 

45 

45 

45 

3  I 

43 

39 

44 

44 

3  I 

31 

36 

34 

42 

II 

30 

42 

41 

42 

II 

39 

47 

46 

46 

II 

39 

45 

43 

43 

III 

39 

44 

42 

42 

III 

44 

52 

50 

49 

III 

30 

44 

40 

41 

Month 

38 

44 

43 

43 

Month 

43 

48 

47 

46 

Month 

32 

43 

39 

42 
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Table  27. — Ten-day  and  monthly  mean  solar-constant  values — Continued 


Improved 

Station  Pre-  pre- 

- * - v  ferred  ferred 


Date 

T 

M 

mean 

mean 

4  I 

21 

50 

37 

41 

II 

28 

45 

43 

45 

III 

29 

44 

41 

42 

Month 

24 

46 

41 

43 

5  I 

45 

45 

42 

II 

46 

41 

44 

45 

III 

31 

30 

38 

Month 

35 

43 

39 

41 

6  I 

26 

40 

46 

II 

36 

43 

46 

III 

34 

43 

46 

Month 

33 

42 

46 

7  I 

45 

51 

47 

II 

40 

40 

43 

III 

37 

42 

45 

Month 

40 

44 

45 

8  I 

33 

38 

41 

II 

47 

44 

45 

III 

36 

38 

42 

45 

Month 

40 

38 

41 

44 

9  I 

30 

37 

43 

II 

45 

48 

III 

46 

50 

Month 

30 

41 

46 

10  I 

40 

41 

43 

II 

42 

35 

45 

III 

45 

39 

44 

Month 

42 

39 

44 

11  I 

42 

41 

44 

II 

42 

36 

41 

III 

42 

38 

39 

48 

Month 

42 

38 

39 

44 

12  I 

54 

40 

50 

49 

II 

46 

44 

46 

47 

III 

43 

41 

44 

Month 

49 

41 

46 

47 

1933 

1  I 

50 

50 

50 

II 

52 

48 

48 

III 

53 

52 

48 

Month 

52 

50 

48 

2  I 

52 

50 

47 

II 

45 

47 

47 

48 

III 

47 

47 

49 

Month 

48 

47 

48 

48 

3  I 

48 

45 

46 

46 

II 

44 

36 

40 

44 

III 

35 

42 

40 

42 

Month 

44 

42 

42 

44 

Improved 

Station  Pre-  pre- 

- * - i  ferred  ferred 


Date 

T 

M 

mean 

mean 

4  I 

46 

44 

41 

43 

II 

48 

45 

44 

45 

III 

38 

37 

38 

Month 

47 

42 

40 

42 

5  I 

39 

38 

38 

II 

46 

40 

40 

40 

III 

53 

45 

45 

42 

Month 

50 

41 

41 

40 

6  I 

26 

42 

40 

41 

II 

41 

43 

42 

42 

III 

52 

42 

45 

44 

Month 

44 

42 

43 

43 

7  I 

54 

45 

48 

48 

II 

47 

47 

46 

III 

36 

46 

43 

44 

Month 

46 

46 

46 

46 

8  I 

43 

43 

43 

II 

45 

44 

43 

45 

III 

43 

42 

49 

Month 

44 

44 

43 

46 

9  I 

54 

47 

49 

48 

II 

53 

46 

48 

46 

III 

52 

50 

51 

51 

Month 

53 

47 

49 

48 

10  I 

55 

47 

51 

50 

II 

41 

51 

46 

48 

III 

52 

50 

51 

52 

Month 

48 

50 

49 

50 

11  I 

49 

44 

47 

48 

II 

50 

50 

51 

51 

III 

53 

51 

53 

52 

Month 

50 

48 

50 

50 

12  I 

47 

51 

52 

53 

II 

48 

48 

49 

49 

III 

51 

51 

so 

50 

Month 

50 

50 

50 

51 

Improved 

Station 

Pre- 

pre- 

1 - 

, 

ferred 

ferred 

Date 

T 

M  K 

mean 

mean 

1934 

1  I 

50 

50  .. 

50 

53 

II 

46 

44  46 

46 

48 

III 

52 

52  45 

48 

48 

Month 

50 

49  45 

48 

50 

2  I 

50 

56  44 

51 

49 

II 

34 

45  47 

42 

43 

III 

51 

44  42 

44 

47 

Month 

44 

48  44 

45 

46 

3  I 

47 

50  48 

48 

49 

II 

42 

48  43 

43 

43 

III 

44 

52  40 

50 

50 

Month 

44 

50  44 

47 

47 

Improved 

Station  Pre-  pre- 

- A - s  ferrerl  fprrprl 


Date 

T 

M 

k' 

mean 

mean 

4  I 

50 

41 

45 

47 

II 

47 

20 

43 

46 

III 

47 

44 

25 

43 

44 

Month 

47 

46 

25 

43 

46 

5  I 

53 

48 

31 

44 

47 

II 

48 

46 

17 

47 

48 

III 

39 

44 

38 

43 

44 

Month 

45 

45 

28 

44 

46 

6  I 

50 

50 

37 

47 

47 

II 

53 

52 

44 

50 

50 

III 

53 

46 

47 

49 

49 

Month 

52 

50 

44 

48 

49 

7  I 

52 

52 

46 

50 

50 

II 

54 

51 

41 

45 

49 

III 

47 

48 

40 

45 

49 

Month 

51 

50 

42 

47 

49 

8  I 

51 

51 

41 

41 

49 

II 

48 

46 

45 

46 

50 

III 

50 

50 

39 

44 

47 

Month 

50 

49 

41 

44 

48 

9  I 

46 

48 

42 

45 

45 

II 

52 

49 

44 

48 

48 

III 

52 

48 

52 

51 

50 

Month 

50 

48 

46 

48 

48 

10  I 

52 

50 

52 

51 

52 

II 

55 

so 

50 

52 

52 

III 

52 

52 

47 

51 

52 

Month 

53 

50 

51 

51 

52 

11  I 

52 

52 

49 

52 

52 

II 

50 

53 

49 

51 

50 

III 

50 

48 

50 

50 

Month 

52 

52 

49 

51 

50 

12  I 

48 

54 

50 

52 

51 

II 

48 

53 

47 

50 

52 

III 

46 

52 

47 

48 

49 

Month 

47 

53 

48 

50 

50 

1935 

1  I 

50 

50 

40 

47 

47 

II 

54 

46 

48 

52 

49 

III 

44 

47 

47 

45 

45 

Month 

49 

48 

44 

48 

47 

2  I 

46 

48 

46 

46 

II 

47 

43 

46 

46 

46 

III 

39 

41 

46 

42 

43 

Month 

43 

44 

47 

45 

45 

3  I 

41 

44 

47 

43 

46 

II 

47 

51 

47 

47 

III 

50 

48 

54 

51 

51 

Month 

46 

46 

51 

47 

48 
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Table  27. — Ten-day  and  monthly  mean  solar-constant  values — Continued 


Improved 

Station  Pre-  pre- 

- A - ,  ferred  ferred 


Date 

T 

M 

K 

mean 

mean 

4  I 

44 

48 

46 

50 

II 

40 

49 

45 

47 

49 

III 

30 

46 

48 

44 

46 

Month 

35 

46 

46 

46 

48 

5  I 

48 

48 

50 

48 

48 

II 

45 

44 

45 

45 

III 

54 

48 

48 

48 

49 

Month 

52 

47 

46 

47 

47 

6  I 

47 

46 

46 

47 

II 

44 

48 

48 

46 

47 

III 

50 

46 

48 

48 

48 

Month 

47 

47 

48 

47 

47 

7  I 

50 

45 

48 

48 

48 

II 

44 

46 

52 

44 

44 

III 

47 

43 

44 

45 

46 

Month 

48 

45 

46 

47 

46 

8  I 

48 

47 

47 

48 

48 

II 

48 

51 

53 

51 

51 

III 

46 

48 

46 

47 

Month 

48 

49 

52 

49 

49 

9  I 

38 

42 

53 

45 

47 

II 

42 

42 

51 

46 

48 

III 

40 

40 

47 

44 

45 

Month 

39 

42 

51 

45 

47 

10  I 

49 

41 

44 

46 

46 

II 

46 

47 

54 

47 

48 

III 

45 

45 

52 

47 

48 

Month 

46 

45 

51 

47 

47 

11  I 

45 

52 

52 

48 

49 

II 

50 

53 

50 

52 

51 

III 

48 

51 

48 

49 

49 

Month 

48 

52 

50 

50 

50 

12  I 

49 

43 

55 

48 

50 

II 

46 

48 

56 

51 

48 

III 

45 

58 

53 

53 

Month 

46 

45 

57 

51 

51 

1936. 

1  I 

50 

39 

52 

46 

50 

II 

48 

35 

53 

51 

50 

III 

45 

30 

45 

44 

46 

Month 

48 

37 

51 

47 

49 

2  I 

45 

48 

52 

47 

49 

II 

49 

55 

51 

53 

III 

38 

44 

53 

38 

43 

Month 

43 

48 

54 

46 

49 

3  I 

48 

39 

55 

39 

49 

II 

47 

36 

54 

46 

50 

III 

30 

43 

54 

45 

46 

Month 

43 

40 

54 

44 

48 

Station 

Improver 
Pre-^  pre-_ 

Date 

T 

M 

K 

mean 

mean 

4  I 

43 

42 

48 

45 

47 

II 

47 

44 

52 

46 

50 

III 

46 

51 

40 

46 

50 

Month 

46 

47 

45 

46 

49 

5  I 

46 

43 

46 

45 

II 

48 

42 

47 

45 

45 

III 

56 

47 

48 

48 

49 

Month 

53 

46 

47 

47 

47 

6  I 

55 

50 

50 

50 

51 

II 

52 

46 

51 

49 

49 

III 

45 

50 

48 

48 

48 

Month 

50 

48 

50 

49 

49 

7  I 

50 

50 

47 

49 

49 

II 

44 

49 

47 

48 

III 

52 

46 

48 

47 

47 

Month 

51 

46 

48 

47 

48 

8  I 

41 

42 

46 

45 

44 

II 

51 

47 

46 

49 

46 

III 

51 

45 

46 

47 

44 

Month 

50 

45 

46 

47 

45 

9  I 

49 

38 

45 

45 

44 

II 

57 

43 

51 

49 

46 

III 

55 

49 

51 

51 

49 

Month 

53 

44 

49 

48 

46 

10  I 

51 

43 

52 

49 

49 

II 

43 

49 

54 

49 

50 

III 

47 

48 

44 

47 

48 

Month 

48 

47 

52 

49 

49 

11  I 

58 

50 

55 

52 

52 

II 

58 

51 

56 

53 

52 

III 

50 

48 

53 

50 

50 

Month 

53 

50 

54 

52 

51 

12  I 

60 

52 

52 

54 

53 

II 

56 

50 

48 

51 

49 

III 

62 

43 

48 

46 

Month 

59 

51 

47 

51 

49 

1937 

1  I 

60 

45 

48 

47 

II 

58 

45 

43 

53 

50 

III 

54 

48 

42 

47 

47 

Month 

58 

47 

43 

49 

47 

2  I 

53 

51 

43 

48 

49 

II 

48 

47 

47 

46 

47 

III 

49 

52 

41 

49 

48 

Month 

50 

50 

44 

48 

48 

3  I 

49 

40 

42 

41 

44 

II 

41 

44 

43 

44 

III 

45 

41 

46 

44 

46 

Month 

48 

40 

44 

43 

45 

Improved 

Station  Pre-  pre- 

- A - v  ferred  ferred 


Date 

T 

M 

K 

mean 

mean 

4  I 

47 

37 

44 

39 

43 

II 

42 

36 

41 

43 

III 

37 

43 

39 

42 

44 

Month 

42 

41 

39 

41 

43 

5  I 

38 

37 

35 

36 

II 

64 

46 

34 

44 

46 

III 

44 

49 

43 

46 

46 

Month 

54 

46 

39 

43 

44 

6  I 

52 

47 

42 

46 

45 

II 

48 

45 

47 

46 

46 

III 

49 

44 

47 

47 

47 

Month 

50 

46 

45 

47 

46 

7  I 

42 

47 

43 

44 

II 

43 

46 

44 

44 

44 

III 

49 

46 

43 

45 

45 

Month 

44 

46 

44 

44 

44' 

8  I 

44 

47 

46 

47 

47 

II  . 

31 

49 

42 

45 

47 

Ill 

48 

48 

44 

47 

46 

Month 

45 

48 

44 

46 

47 

9  I 

51 

45 

50 

49 

48 

II 

44 

49 

47 

48 

47 

III 

46 

42 

55 

46 

47 

Month 

47 

45 

51 

48 

47 

10  I 

47 

42 

52 

47 

47 

II 

46 

43 

49 

44 

44 

III 

43 

52 

54 

47 

49 

Month 

45 

45 

52 

46 

47 

11  I 

43 

50 

51 

48 

49 

II 

53 

45 

48 

48 

47 

III 

50 

50 

45 

48 

49 

Month 

47 

49 

48 

48 

48 

12  I 

48 

52 

50 

50 

II 

46 

57 

49 

50 

III 

63 

54 

54 

54 

Month 

48 

54 

51 

52 

Station 

Improved 
Pre-  pre- 

Date 

T 

M 

mean 

mean 

1938 

1  I 

44 

49 

45 

47 

II 

45 

53 

52 

52 

III 

29 

52 

40 

48 

Month 

39 

53 

47 

50 

2  I 

43 

43 

47 

II 

47 

49 

46 

50 

III 

53 

53 

53 

Month 

46 

49 

46 

49 

3  I 

55 

50 

52 

53 

II 

47 

47 

46 

47 

III 

54 

40 

47 

52 

Month 

50 

47 

48 

50 
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Table  27, — Ten-da 

Improved 

Station  Pre-  pre- 

_  A _  4-  a.vt'iari 

y  and  monthly  mean  solar-constan 

Improved 

Station  Pre-  pre- 

A.  forroH  fat-rorl 

t  values- 

-Continued 

Station 

Improved 
Pre-  pre- 

Date 

T 

M 

mean 

mean 

Date 

T 

M 

mean 

mean 

Date 

T 

M 

mean 

mean 

4  I 

48 

44 

45 

45 

10  I 

S3 

47 

48 

48 

4  I 

43 

43 

43 

II 

33 

43 

40 

43 

II 

40 

50 

48 

49 

II 

31 

45 

44 

47 

III 

46 

46 

48 

III 

47 

52 

51 

51 

III 

27 

43 

39 

42 

Month 

39 

45 

44 

45 

Month 

47 

50 

49 

49 

Month 

29 

44 

43 

44 

S  I 

50 

45 

46 

46 

11  I 

53 

50 

52 

50 

5  I 

42 

42 

41 

42 

II 

55 

43 

44 

45 

II 

47 

53 

52 

52 

II 

54 

38 

43 

47 

III 

42 

40 

40 

40 

III 

51 

S4 

52 

52 

III 

63 

39 

41 

49 

Month 

47 

43 

44 

44 

Month 

50 

52 

52 

51 

Month 

49 

40 

42 

46 

6  I 

41 

42 

41 

42 

12  I 

49 

51 

50 

50 

6  I 

52 

39 

41 

42 

II 

39 

45 

44 

45 

II 

51 

54 

53 

53 

II 

40 

38 

38 

42 

III 

50 

46 

45 

48 

III 

58 

50 

50 

51 

III 

50 

40 

43 

46 

Month 

43 

44 

43 

45 

Month 

52 

52 

51 

51 

Month 

48 

39 

41 

44 

7  I 

45 

44 

44 

44 

1939 

1  T 

7  I 

47 

42 

43 

46 

II 

47 

44 

45 

46 

1  X 

II 

46 

46 

47 

II 

52 

39 

44 

46 

III 

39 

44 

43 

44 

III 

52 

43 

47 

SO 

III 

42 

40 

39 

42 

Month 

44 

44 

44 

45 

Month 

49 

43 

47 

49 

Month 

49 

40 

42 

45 

8  I 

39 

46 

44 

44 

2  I 

43 

42 

47 

8  I 

40 

39 

39 

42 

II 

41 

47 

45 

45 

II 

36 

36 

48 

II 

41 

37 

35 

44 

III 

35 

46 

45 

45 

III 

41 

46 

4S 

48 

III 

50 

42 

44 

44 

Month 

39 

46 

45 

45 

Month 

39 

45 

42 

48 

Month 

44 

40 

40 

43 

9  I 

47 

44 

46 

46 

3  I 

44 

42 

43 

47 

9  I 

56 

48 

49 

47 

II 

46 

45 

46 

II 

39 

44 

42 

46 

II 

46 

45 

45 

47 

III 

42 

48 

47 

47 

III 

45 

45 

45 

III 

45 

45 

48 

Month 

46 

47 

46 

47 

Month 

41 

44 

44 

46 

Month 

51 

46 

46 

47 
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u 

oS 


ci 
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As  some  meteorologists,  not  having  dis¬ 
covered  extraordinary  weather  changes  to 
correspond  with  the  unusual  solar  changes  of 
1921  and  1922,  have  been  disposed  to  ques¬ 
tion  the  reality  of  them,  we  have  prepared 
figure  12  to  show  how  very  strongly  supported 
the  solar  change  really  is.  Though  accidental 
errors  show  up  in  figure  12  with  unpleasantly 
large  magnitudes,  the  general  agreement  of 
trends  in  Arizona  and  Chile  is  so  marked  that 
only  with  a  prejudiced  view  could  one  deny 
the  probability  that  this  great  solar  depression 
of  1922  was  real. 

Furthermore,  as  will  be  shown  below, 
the  summation  of  13  well- verified  periodicities 
in  solar  variation  gives  no  larger  systematic 
discrepancies  from  the  observed  values  in  the 
years  1921-1923  than  in  other  years.  The  de¬ 
pression  shown  in  figure  12  appears  to  have 
been  the  just  consequence  of  the  accumulation 
at  that  time  of  low  phases  from  the  principal 
long-range  solar  periodicities. 

The  interval  1920  to  1925,  having  been 
affected  by  the  weaknesses  of  observing  just 
mentioned,  we  prefer  to  segregate  the  con¬ 
sideration  of  the  differences  between  10-day 
and  monthly  means  over  this  interval,  as  ob¬ 
served  in  Arizona  and  Chile,  from  the  con¬ 
sideration  of  such  differences  in  the  later  and 
more  accurate  work  of  far-separated  stations. 

From  October  1920  to  October  1925  the 
arithmetical  mean  of  154  deviations  in  the 
10-day  means  as  between  Arizona  and  Chile 
is  0.0077  calorie.  Hence  the  average  per¬ 
centage  probable  accidental  error  of  a  10-day 
mean  of  one  station  with  regard  to  the  mean 
result  of  the  two  stations  is : 

0.84 X 0.0077-^(2 X  1.94)  X  100=0.17 

or  1/6  of  1  percent. 

Performing  a  similar  calculation  with 
the  remaining  part  of  table  27,  for  the  years 
1926  to  1939,  we  find  the  arithmetical  mean 
of  403  deviations  in  the  10-day  means,  as 
between  Table  Mountain  and  Montezuma,  is 
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0.0053  calorie.  Hence  the  average  percentage  probable  accidental  error,  as  above, 
with  regard  to  these  two  stations  from  January  1926  to  October  1939  is : 

0.84X0.0053-^(2 X  1.94)  X  100=0.1 1  or  1/9  of  1  percent. 

A  similar  calculation  from  10-day  means  with  respect  to  Montezuma  and  St. 
Katherine  for  the  years  1934  to  1937  gives,  for  134  deviations,  0.0058  calorie,  cor¬ 
responding  to  the  average  percentage  probable  error  for  these  two  stations  of  0.125 
or  ^  of  1  percent. 

Assuming  the  worse  of  these  two  latter  cases,  and  that  only  two  stations  co¬ 
operate,  the  percentage  probable  accidental  error  of  a  monthly  mean  solar-constant 
value  is  indicated  as : 

0.125-^/3X2=0.051  or  1/20  of  1  percent. 

We  were  especially  interested  to  see  if  the  differences  between  monthly  means 
for  stations  in  opposite  hemispheres  show  appreciable  seasonal  effects.  Table  28 
gives  the  mean  algebraic  differences,  Table  Mountain  minus  Montezuma,  and  St. 
Katherine  minus  Montezuma,  for  the  months  of  the  year.  These  comparisons  cover 
14  years  and  4  years,  respectively. 

Table  28. — Average  seasonal  march  of  differences  in  monthly  means 

Unit  is  1/10,000  calorie 

Month 

A . 

I  II  III  IV  V  VI  VII  VIII  IX  X  XI  XII 

T  — M  .  +  10  -  31  -  22  —55  +  39  +  13  -  9  —  11  +  18  -  8  +  3  +6 

K  — M  .....  +23  -2  +42  -44  -55  -  17  -  14  -24  +  41  +35  -3  -  10 

We  believe  the  low  values,  T-M,  for  the  months  February  to  April,  and  the  high 
value  for  May  are  all  caused  by  the  extremely  hazy  and  abnormal  conditions  of  the 
atmosphere  at  Table  Mountain  in  these  months  as  affecting  the  empirical  short 
method.  We  do  not  make  a  correction  for  this  statistically  found  error  of  Table 
Mountain  work  in  table  24  because  not  all  days  are  affected  by  these  conditions,  and 
to  apply  a  blanket  correction  would  spoil  the  best  days. 

As  the  signs  of  the  differences  in  the  several  months  are  often  opposite  for  T-M 
and  K-M,  it  is  clear  that  opposing  summer  and  winter  conditions  have  no  certainly 
appreciable  influence  on  the  solar-constant  values.  Furthermore,  except  as  noted 
above,  the  differences  are  generally  so  small  that  they  may  be  regarded  as  due  to 
accidental  rather  than  systematic  errors.  Only  for  the  months  April  and  May  for 
T-M,  and  for  March,  April,  May,  September,  and  October  for  K-M,  do  the  dif¬ 
ferences  approach,  or  in  a  few  cases  exceed,  0.2  percent  of  the  solar  constant.  The 
interval  of  only  4  years  covered  by  K-M  is  not  long  enough  to  give  truly  representa¬ 
tive  values  in  table  28.  It  is  probable  that  if  10  or  20  years  had  been  available  at 
St.  Katherine  these  differences  would  have  been  smaller  and  more  regular. 

YEARLY  MEAN  VALUES 

Table  29  is  derived  directly  from  table  27  by  taking  means  of  the  12  monthly 
“improved  preferred”  mean  values  given  there  in  each  year. 
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Table  29. — Yearly  solar-constant  values 
Prefix  1.9  to  values 


1920  » 

484 

1921 

503 

1922 

278 

1923 

377 

1924 

475 

1925 

484 

1926 

414 

1927 

442 

1928 

434 

1929 

427 

1930 

462 

1931 

474 

1932 

445 

1933 

463 

1934 

484 

1935 

476 

1936 

482 

1937 

465 

1938 

476 

1939 

458 

a  First  7  months  from  Annals  vol.  S,  table  45,  1932. 

COMPARISON  OF  DAILY  LONG-METHOD  AND  SHORT-METHOD  VALUES 

To  promote  the  studies  of  those  who  wish  to  decide  how  far  the  short  methods 
of  solar-constant  determination  are  to  be  trusted,  seeing  that  they  are  empirical, 
we  give,  in  table  30,  a  comparison  of  the  results  obtained  on  identical  days  at  the 
several  stations  by  both  the  short  method  and  the  fundamental  long  method.  The 
separate  values  have  already  been  given  in  table  24.  Here  we  give  for  each  station 
the  values  according  to  each  method,  in  the  form  of  mean  results  for  groups  of  25 
dates  per  group,  together  with  the  average  arithmetical  and  algebraical  accidental 
departures  between  the  short  and  long  methods. 

It  is  interesting  to  examine  whether  the  algebraic  mean  differences  of  table  30 
are  associated  with  the  season  of  the  year.  We  find  among  the  21  values  listed  below 
for  Montezuma  5  which  may  be  regarded  as  representing  summer  conditions  in  the 
Southern  Hemisphere,  and  8  which  may  be  regarded  as  representing  winter  condi¬ 
tions.  Their  mean  algebraic  differences  representing  125  summer  days  and  200 
winter  days,  are,  respectively,  +0.024  and  — 0.032  percent.  The  range,  if  really 
significant,  is  only  about  0.05  percent.  It  therefore  appears  that  for  Montezuma, 
although  the  daily  departures  of  the  long-method  from  the  short-method  values  indi¬ 
cate  an  accidental  deviation  of  0.37  percent,  there  is  no  significant  algebraic  average 
difference  between  them.  For  Table  Mountain  and  St.  Katherine,  the  average 
accidental  daily  differences  rise  to  0.50  and  0.42  percent,  respectively,  but  the  com¬ 
bined  algebraic  averages  appear  negligible.  The  evidence  is  too  scanty  to  show 
whether  there  is  a  sensible  seasonal  effect  at  these  stations.  Our  study  of  details 
in  this  comparison  shows  clearly  that  though,  in  general,  the  long  method  was  em¬ 
ployed  only  on  the  most  cloudless  days,  while  the  short  method  was  used  on  all  favor¬ 
able  days,  the  range  of  solar-constant  values  among  long-method  determinations  is 
decidedly  greater  than  the  range  among  short-method  determinations.  This  joins 
with  other  considerations  to  show  how  great  an  advantage  in  accuracy  results  from 
relying  on  the  short  method  for  following  the  solar  variation. 

LONG  PERIODICITIES  IN  SOLAR  VARIATION 

In  a  paper  entitled  “Solar  Radiation  and  Weather  Studies,”  6  C.  G.  Abbot  gave 
results  of  a  harmonic  analysis  of  the  10-day  preliminary  mean  values  of  the  solar 
constant  for  the  years  1920  to  1934.  Twelve  periodicities  were  found,  ranging  in 
length  from  7  months  to  23  years.  Synthesis  of  these  12  periodicities  very  faithfully 
reproduced  the  original  data. 

In  a  paper  entitled  “The  Variations  of  the  Solar  Constant  and  Their  Relations  to 
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Table  30. — Mean  departures,  long-method  minus  short-method  solar-constant  daily  values 
Mean  values  of  groups  of  25  departures.  Unit :  1/1,000  calorie 
Station  :  Montezuma 


Between 

Dates 

A 

Sum 

of 

Sum 

of 

Arith¬ 

metical 

Alge¬ 

braic 

Arith¬ 

metical 

Alge¬ 

braic 

years 

to.  d.  to.  d. 

plus 

minus 

sum 

sum 

mean 

mean 

1923-24 

9-  7  to  4-28 

225 

62 

287 

+  163 

±11.5 

+  6.5 

1924 

4-28  to  12-  6 

125 

129 

254 

-  4 

10.2 

-0.2 

1924-25 

12-  6  to  3-27 

124 

69 

193 

+  55 

7.7 

+  2.2 

1925 

3-27  to  5-10 

144 

120 

264 

+  44 

10.6 

+  1.8 

1925 

5-10  to  11-10 

46 

123 

169 

—  77 

6.8 

—  3.1 

1925-27 

11-10  to  7-18 

66 

170 

236 

-104 

9.4 

-4.2 

1927-28 

7-18  to  9-30 

91 

76 

167 

+  IS 

6.7 

+  0.6 

1928-29 

9-30  to  9-  4 

106 

82 

188 

+  24 

7.5 

+  1.0 

1929-30 

9-  4  to  4-28 

25 

119 

144 

—  94 

5.8 

-3.8 

1930 

4-28  to  12-  5 

50 

118 

168 

-  68 

6.7 

-2.7 

1930-32 

12-  5  to  3-23 

102 

54 

156 

+  48 

6.2 

+  1-9 

1932 

3-23  to  7-27 

57 

113 

170 

-  56 

6.8 

—  2.2 

1932 

7-27  to  9-18 

108 

56 

164 

+  52 

6.6 

+  2.1 

1932-33 

9-18  to  5-  4 

69 

69 

118 

0 

4.7 

0.0 

1933- 

5-  4  to  6-21 

71 

59 

130 

+  12 

5.2 

+  0.5 

1933 

6-21  to  10-13 

54 

83 

137 

-  29 

5.5 

—  1.2 

1933-34 

10-13  to  10-  1 

102 

94 

196 

+  8 

7.8 

+  0.3 

1934-35 

10-  1  to  5-25 

56 

122 

178 

—  66 

7.1 

-2.6 

1935-36 

5-25  to  7-14 

99 

50 

149 

+  49 

6.0 

+  2.0 

1936-38 

7-14  to  5-12 

81 

77 

158 

+  4 

6.3 

+  0.1 

1938-39 

5-12  to  4-  3 

44 

61 

105 

-  17 

4.2 

-0.7 

General 

mean . . . 

±  7.1 

+  0.8 

Percentage  of  solar  constant. . 

±  0.37 

+  0.04 

Station  : 

Table  Mountain 

Between 

Dates 

Sum 

of 

Sum 

of 

Arith¬ 

metical 

Alge¬ 

braic 

Arith¬ 

metical 

Alge¬ 

braic 

years 

to.  d.  w.  d. 

plus 

minus 

sum 

sum 

mean 

mean 

1926 

1-  5  to  3-31 

105 

199 

304 

-  99 

±  12.2 

-  4.0 

1926-27 

3-31  to  1-12 

280 

41 

321 

+  239 

12.8 

+  9.6 

1927 

1-12  to  10-  6 

303 

28 

331 

+  275 

13.2 

+  11.0 

1927-28 

10-  6  to  11-16 

124 

84 

208 

+  40 

8.3 

+  1.6 

1928-29 

11-16  to  2-20 

85 

190 

275 

-  105 

11.0 

—  4.2 

1929 

2-20  to  11-19 

159 

38 

197 

+  121 

7.9 

+  4.8 

1929-30 

11-19  to  8-28 

64 

184 

248 

—  120 

9.9 

-  4.8 

1930-31 

8-28  to  5-  3 

72 

108 

180 

-  36 

7.2 

-  1.4 

1931-32 

5-  3  to  10-18 

80 

132 

212 

—  132 

8.5 

-  5.3 

1932-34 

10-18  to  2-  1 

140 

60 

200 

+  80 

8.0 

+  3.2 

1934-35 

2-  1  to  1-24 

86 

111 

197 

-  25 

7.9 

-  1.0 

1935 

1-24  to  11-  4 

164 

54 

218 

+  110 

8.7 

+  4.4 

1935-37 

11-  4  to  9-15 

174 

101 

275 

+  73 

11.0 

+  2.9 

1937-39 

9-15  to  4-  3 

196 

44 

240 

+  152 

9.6 

+  6.1 

General 

mean  . . 

±  9.7 

+  1.6 

Percentage  of  solar  constant . . . 

±  0.50 

+  0.08 

Station  :  St. 

Katherine 

Between 

years 

Dates 

A 

to.  d.  to.  d. 

Sum 

of 

plus 

Sum 

of 

minus 

Arith¬ 

metical 

sum 

Alge¬ 

braic 

sum 

Arith¬ 

metical 

mean 

Alge¬ 

braic 

mean 

1934 

1-31  to  6-28 

127 

93 

210 

+  34 

±  8.4 

+  1-4 

1934 

6-28  to  8-17 

104 

105 

209 

—  01 

8.4 

0.0 

1934 

8-17  to  10-  1 

140 

104 

244 

+  36 

9.8 

+  1.4 

1934-35 

10-  1  to  4-1 

109 

112 

221 

-  03 

8.8 

-0.1 

1935 

4-  1  to  7-29 

58 

126 

184 

-  68 

7.4 

-2.7 

1935-36 

7-29  to  6-24 

46 

211 

257 

-165 

10.3 

-6.6 

1936-37 

6-24  to  3-13 

81 

44 

125 

+  37 

5.0 

+ 1.5 

1937 

3-13  to  11-18 

122 

47 

169 

+  75 

6.8 

+3.0 

General  mean .  ±  8.1  —  0.3 

Percentage  of  solar  constant .  ±  0.42  — 0.01 
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Weather,”  7  M.  M.  Paranjpe  states  that  these  periodicities  are  of  impossibly  large 
amplitudes. 

In  a  paper  entitled  “On  Periodicities  in  Measures  of  the  Solar  Constant,”  8  T.  E. 
Sterne  shows  that  the  objections  of  Paranjpe  are  invalid,  and  that  7  of  10  of  Abbot’s 
periodicities,  which  Sterne  examined  by  least-squares  methods,  have  probabilities 


ranging  from  ^  iq_5  to  iq_19  in  favor  of  their  reality. 

Abbot’s  12  periodicities  were  announced  as  7,  8,  9§,  11,  21,  25,  34,  39  J,  46,  68, 
92  months,  and  23  years.  Sterne  verifies  all  of  the  10  shorter  periodicities  except 
7,  8,  and  34  months,  and  even  the  probability  for  8  months  comes  out  1/.055.  Pie 
corrects  the  11-month  period  to  10.9  months  approximately. 

All  the  periodicities  found  are  approximately  integral  submultiples  of  273 
months.  Inasmuch  as  approximately  this  period  is  indicated  as  solar  by  George  E. 
Hale’s  studies  on  the  magnetism  of  sunspots,  also  by  the  alternately  greater  and 
lesser  intensities  of  the  sunspot  cycle  of  11+  years,  and  also  by  the  probable  solar 
causation  of  a  well-known  meteorological  period  approximating  23  years,  the  subject 
becomes  of  special  interest.  It  was  treated  again  by  Abbot 9  using  partly  provisional 
solar-constant  values,  and  more  accurate  periods  derived  from  meteorological 
evidence. 

We  have  now  made  a  fresh  analysis  of  the  new  monthly  mean  values  found  in 
table  27,  wherein  the  data  now  regarded  as  final  and  definite  extend  from  the  year 
1920  to  1939.  Those  who  have  analyzed  long  series  of  terrestrial  data  have  remarked 
that  promising  periodicities  change  phases  after  some  time.  This  behavior  is  greatly 
embarrassing  and  often  prohibitive  to  progress  in  such  studies.  In  Abbot’s  first 
analysis,  referred  to  above,  he  wished  to  see  whether  the  solar  periodicities  changed 
phase.  He  therefore  separated  the  whole  span  of  the  data  into  several  partial  intervals 
whenever  this  was  practicable,  depending  on  the  length  of  the  periodicity  under 
discussion.  Thus  he  hoped  to  determine  if  changes  of  phase  were  also  indicated  in 
the  solar  variation.  No  evidence  of  such  changes  of  phase  appeared.  Now,  with  5 
additional  years  of  observation  available  we  have  also  subdivided  the  data  for  some 
of  the  shorter  periods  so  as  to  check  upon  the  question  of  changes  of  phase  in  solar 
variation.  We  have  found  no  evidence  that  it  occurs.  This  conclusion  is  greatly 
strengthened  by  Abbot’s  analysis  of  meteorological  data  since  the  year  1798,  as 
reported  in  his  paper  9  just  cited.  We  regard  his  analysis  as  having  fixed  the  most 
probable  lengths  of  10  solar  periods  as  given  in  table  31,  where  they  are  compared  with 
certain  integral  fractions  of  273  months.  Four  additional  periods  are  entered  in  the 
table.  These  have  been  found  from  solar-constant  data  alone  in  our  present  analysis. 
These  four  are  indicated  by  parentheses.  The  one  of  30-1/3  months  has  not  been 
separately  evaluated,  but  shows  itself  plainly  in  the  graph  of  the  periodicity  of  91 
months,  as  indicated  in  figure  13. 

The  periods  of  about  1/23  and  1/24  of  273  months  are  so  nearly  equal  in 
amplitude,  and  so  closely  equal  in  length,  that  they  interfere  strongly.  Hence  in 


7  Quart.  Journ.  Roy.  Meteorol.  Soc.,  vol.  64,  No.  276,  p.  468,  1938. 

8  Proc.  Nat.  Acad.  Sci.,  vol.  25,  No.  11,  pp.  559-564,  Nov.  1939. 

9  Smithsonian  Misc.  Coll.,  vol.  101,  No.  1,  1941. 
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computing  the  11.29-month  periodicity  (the  11.87-month  periodicity  being  still  undis¬ 
covered)  we  found  it  very  strong  in  the  years  near  1923,  nearly  disappearing  after 
1929,  and  reappearing  of  fair  intensity  in  the  late  thirties  with  exactly  the  same  phase 
that  it  had  in  the  early  twenties.  This  behavior  is  readily  understood.  The  two 
periodicities  were  both  at  minimum  in  June  1923,  in  opposition  in  May  1929,  and  will 
both  be  again  at  minimum  in  March  1943.  Considering  that  the  11.29-month 
periodicity  had  undue  apparent  amplitude  in  the  early  twenties  owing  to  the  super- 


0  20  40  60  80 


Table  31. — Long  solar  periodicities  related  approximately  to  <?/?  months 


Integral  ratio  .......... 

1 

1/3 

Fraction  of  273  months. 

273 

91 

Preferred  length  . . 

273 

91 

.  ,  .  calories 

Amplitude  m  1QfiQQ  . . 

90 

52 

Integral  ratio  . . . . . . 

■  d/9) 

1/11 

Fraction  of  273  months., 

,  30-1/3 

24-9/11 

Preferred  length  . . 

.  30-1/3 

25-1/3 

.  ,  .  calories 

Amplitude  in  ^  .. 

38 

44 

1/4 

d/5) 

1/6 

1/7 

d/8) 

68-1/4 

54-3/5 

45-1/2 

39 

34-1/8 

68 

54 

45-1/4 

39-1/2 

34 

66 

55 

69 

82 

56 

1/13 

(1/23) 

1/24 

1/28 

1/34 

21 

11.87 

11.36 

9.75 

8.03 

21 

11.87 

11.29 

9.79 

8-1/8 

48 

34 

31 

13 

18 

position  of  the  11.87-month  periodicity  upon  it,  the  mean  amplitude  for  the  11.29- 
month  periodicity,  as  given  above,  is  probably  close  to  the  truth,  even  though  the  years 
of  the  early  thirties  are  included,  when  it  apparently  nearly  disappeared,  owing  to 
interference  with  the  11.87-month  periodicity. 

Some  readers  will  prefer  to  think  that  the  periodicity  which  we  treat  as  11.87 
months  is  really  terrestrial,  owing  to  systematic  error  in  the  observations,  and  is  a 
true  12-month  period.  We  recall  to  them,  however,  that  the  data  on  which  it  is  based 
comes  nearly  equally  from  two  closely  agreeing  stations  in  opposite  hemispheres,  so 
that  on  their  hypothesis  the  winter- versus-summer  source  of  error  must  largely  over- 
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balance  at  one  of  the  two  stations,  unless  it  produces  opposite  tendencies  in  the  two 
hemispheres.  There  is  no  evidence  favoring  either  hypothesis.  On  the  whole,  we 
think  it  more  reasonable  to  believe  that,  since  so  many  really  solar  periodicities  have 
been  discovered,  all  of  which  are  nearly  integral  submultiples  of  273  months,  this  one 
is  also  solar,  and  approximately  1/23  of  the  master  period. 

We  now  give  in  table  32  the  complete  resolution  of  the  “improved  preferred” 
monthly  mean  values  of  the  solar  constant  1920-1939,  to  yield  14  regularly  recurring 
periodicities.  These  periodicities  are  synthesized  in  column  A.  In  this  and  all  pre¬ 
ceding  columns  the  unit  is  1/10,000  calorie.  We  then  add  1.9449  to  column  A,  and 
express  the  results  to  the  nearest  1/1,000  calorie  in  column  B,  omitting  the  figures  1.9 
to  save  space.  We  then  give  the  original  observed  “improved  preferred”  monthly 
mean  solar-constant  values  in  column  C,  also  omitting  the  figure  1.9.  Finally,  in 
column  D  we  give  the  differences,  synthetic  minus  original  solar-constant  values. 
The  differences  are  rather  large  for  the  first  three  years  when  the  observations  were 
unfortunately  somewhat  neglected  at  Montezuma,  and  were  made  at  the  somewhat 
inferior  station  of  Harqua  Hala  in  the  Northern  Hemisphere,  and  besides  have  not 
been  revised.  The  general  mean  range,  B-C,  however,  results  as  only  1/12  of  1 
percent  of  the  solar  constant.  In  figure  14  we  give  a  comparison  of  the  two  curves, 
and  a  prediction  of  the  solar  constant  up  to  1945. 

Some  readers  will  be  disposed  to  suggest  that  with  14  periodic  terms  any  irregular 
curve  could  be  reproduced  and  that  our  periods  have  no  real  significance.  On  the 
contrary  they  were  disclosed  in  each  case  by  inspection  of  the  observational  curve, 
and  of  derivatives  from  it  resulting  from  the  removal  of  determined  periodicities. 
We  determined  first  the  three  shortest  waves,  and  then  removed  them.  Then  we 
determined  the  21  and  25^  periodicities  and  removed  them.  Then  we  determined 
and  removed  39T  This  disclosed  34  which  we  removed.  Then  45^  was  removed; 
then,  successively,  68  and  91.  This  plainly  disclosed  54.  Then  it  became  apparent 
that  a  periodicity  near  12  months  remained.  After  this  we  could  see  nothing  more 
except  the  long  swing,  not  fully  completed  yet,  but  which  we  assume  to  be  23  years 
approximately,  but  regard  as  273  months.  We  repeat  that  the  periodicities  successively 
disclosed  themselves.  We  never  considered  such  a  process  as  the  assumption  of  a 
basic  wave  and  its  overtones,  as  mathematicians  do  in  Fourier  analysis.  The  over¬ 
tones  are  real,  and  successively  disclose  themselves,  but  none  of  the  periodicities  are 
of  sine  form.  We  determine  their  forms  statistically. 

In  illustration  of  the  foregoing  remarks  we  give  in  figure  15  the  conditions 
which  led  us  to  the  discovery  of  the  new  periodicities  of  34,  54,  and  11.87  months. 
We  think  readers  may  not  be  too  favorably  impressed  by  the  comparison  of  the 
34-month  periodicity,  owing  to  the  still  great  complexity  of  the  residual  curve  at  that 
stage  of  our  analysis.  But  we  cannot  think  they  will  fail  to  perceive  the  54-  and  1 1.87- 
month  periodicities  as  plainly  appearing  in  the  residual  curves  at  those  nearly  final 
stages. 

SOLAR  VARIATION  AND  SOLAR  ROTATION 

The  sun,  it  is  well  known,  rotates  as  a  nonsolid  sphere,  with  different  angular 
velocities  depending  on  the  solar  latitude.  From  spectroscopic  observations  the  times 
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Fig.  14.— Monthly  solar-constant  values,  mean  of  all  stations,  1920  to  1939.  Analysis  and  synthesis,  long  periodicities,  with  prediction. 
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Fig.  15. — 34-,  54-,  and  11.87-month  periodicities. 
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of  solar  rotation  have  been  observed  from  the  solar  equator  nearly  to  the  poles.  From 
a  period  of  about  25  days  at  the  equator  for  high-level  gases,  the  period  lengthens 
gradually  to  about  34  days  near  the  poles.  But  as  the  areas  of  the  zones  diminish 
with  increasing  latitude,  it  is  generally  regarded  that  the  weighted  mean  effective 
period  of  solar  rotation  is  approximately  27  days. 

If  the  surface  of  the  sun  has  sensibly  different  effective  radiation  at  different 
solar  longitudes,  it  is  plain  that  solar  variation  must  occur  as  the  sun  rotates  and 


Fig.  16. — Solar  rotation  and  solar  variation.  Note  the  rise  of  radiation  at 
the  19th  day,  curves  A-E. 

presents  these  unequally  radiative  areas  toward  the  earth.  Hence  it  is  to  be  expected 
that  solar-constant  measurements  may  show  a  tendency  to  a  periodicity  of  about  27 
days.  However,  as  the  sun  is  not  a  rigid  body,  its  hotter  and  cooler  spots  will  not 
remain  fixed  in  position.  Neither,  as  the  visual  observation  of  sunspots  and  faculae 
indicates,  will  they  be  permanent  features.  Hence  whatever  periodicities  of  about  27 
days  may  appear  in  solar  variation,  they  will  be  somewhat  irregular,  and  will  tend 
to  wax  and  wane  in  amplitude  from  time  to  time.  Moreover,  rather  sudden  solar 
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changes  will  be  apt  to  occur  when  hotter  or  cooler  solar  surface  regions  present  them¬ 
selves,  or  absent  themselves,  in  their  crossings  of  the  sun’s  visible  limb. 

All  this  is  so  reasonable  that  it  is  believed  that  if  there  are  still  those  who  are 
skeptical  of  the  reality  of  appreciable  solar  variation,  their  doubts  may  perhaps  be 
removed  if  the  study  of  table  24  indicates  solar  changes  of  about  27  days  in  period, 
having  such  characteristics  as  have  just  been  indicated. 

In  order  to  present  this  subject  the  entire  daily  march  of  solar-constant  values 
from  August  1923  to  August  1939  has  been  plotted  in  27-day  intervals.  It  was 
found  that  the  accidental  errors  of  Table  Mountain  observations,  though  small,  were 
so  much  larger  than  those  generally  prevailing  at  Montezuma  and  St.  Katherine  that 
it  was  best  to  exclude  Table  Mountain  from  the  study,  except  as  yielding  additional 
evidence  of  small  weight  to  cover  vacant  dates,  or  dates  of  inferior  observations  at 
other  stations.  Even  so,  the  accidental  errors  and  the  lacunae  at  the  other  stations 
made  the  search  less  satisfactory  than  had  been  hoped.  Nevertheless  evidences  of 
a  27-day  periodicity  were  clearly  shown  throughout  the  investigation. 

In  a  note  to  Science  published  April  11,  1941,  Abbot  gave  some  evidences  of 
this  kind,  depending  on  mean  values  of  solar  constants,  each  representing  average 
marches  of  solar  radiation  for  four  consecutive  intervals  of  27  days  each.  He  was 
able  to  predict  changes  of  the  photographic  appearance  of  the  sun  from  these  analyses, 
and  these  predictions  were  in  all  cases  verified  by  examination  of  Mount  Wilson 
photographs  and  spectroheliograms,  kindly  loaned  by  Dr.  W.  S.  Adams,  after  the 
predictions  were  made.  These  solar-constant  evidences  were  later  published  by  Abbot 
in  figure  3  of  his  paper  “An  Important  Weather  Element  Hitherto  Generally  Dis¬ 
regarded.”  10  That  figure  is  here  reproduced  as  figure  16,  and  plate  7  gives  a  repro¬ 
duction  of  Mount  Wilson  spectroheliograms  which  confirm  the  predictions. 

We  now  add,  in  figure  17,  nine  successive  cases  of  the  solar  rotation,  using  the 
original  solar-constant  values  for  each  27-day  interval  by  themselves.  In  connection 
with  each  case  we  give  a  curve  plotted  from  data  on  the  areas  of  faculae  as  published 
in  “Greenwich  Photoheliographic  Results.”  It  is  believed  that  the  correlations  are 
so  clear  as  to  require  no  further  argument,  notwithstanding  the  regrettable  lapses 
in  the  data  on  some  dates.  In  figure  17,  solar-constant  values  are  plotted  in  dotted 
curves.  Whenever  days  are  missing  the  lacunae  are  filled  by  dot-and-dash  lines. 
It  will  be  understood  that  these  dot-and-dash  lines  give  no  indication  of  the  real 
progress  of  the  curve  at  such  times.  Readers  will  perceive  that  four  vertical  divisions 
of  the  figure  correspond  to  1  percent  of  the  solar  constant,  as  indicated  by  the  argu¬ 
ments  at  the  right.  In  the  arguments  at  the  left,  relating  to  Greenwich  faculae  areas, 
three  zeros  are  omitted,  so  that  for  3  read  3,000.  These  data  are  represented  by 
full  lines. 

We  think  these  curves  demonstrate: 

1.  A  27-day  periodicity  exists  in  solar  radiation,  and  in  the  areas  of  visible  faculae  on  the  solar 
surface.  This  periodic  amplitude  of  solar  variation  may  reach  1  percent  or  more. 

2.  Higher  solar  radiation  attends  increased  areas  of  visible  faculae. 

3.  Regions  of  increased  solar  activity  form  and  disappear  at  different  solar  longitudes. 


10  Smithsonian  Misc.  Coll.,  vol.  ioi,  No.  I,  1941. 
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4.  On  the  whole  the  solar-radiation  changes  tend  to  anticipate  the  changes  in  area  of  faculae 
associated  with  them  by  intervals  of  from  1  to  2  days,  as  already  published  by  Dr.  H.  Arctowski.11 

SOLAR  RADIATION  AND  SUNSPOT  NUMBERS 

In  earlier  volumes  of  these  Annals  we  gave  indications  of  correlation  between 
the  solar  constant  and  the  sunspot  numbers.  It  was  indicated  that  the  solar  constant 
tends  to  increase  as  sunspot  numbers  rise  from  zero  to  about  50  or  60,  and  then 
gradually  to  decrease. 

Our  present  study  of  periodicities  in  solar  variation  gives  no  indication  of  an 
11-year  period,  as  will  be  seen  from  curve  C  of  figure  14.  We  thought,  however, 
that  while  the  amplitude  of  this  period  appears  to  have  been  negligible  for  the  interval 
1920  to  1939,  it  might  be  that  the  sunspot  influence  would  still  show  in  a  discussion 
of  individual  days.  But  this  does  not  appear  to  be  the  case.  Figure  18  gives  the  mean 


Fig.  18. — Sunspots  and  solar  variation. 


values  of  the  solar  constant  corresponding  to  the  sunspot  numbers  indicated  as  ab¬ 
scissae.  Each  point  plotted  is  the  mean  of  the  number  of  days  stated  alongside.  The 
days  are  all  of  high  grade,  and  are  selected  throughout  the  interval  1920  to  1939. 

The  absence  of  the  solar  radiation  periodicity  corresponding  to  ■ -  ^  months, 

2 

during  the  interval  1920  to  1939,  seems  at  first  thought  to  be  very  surprising.  For 
it  is  well  known  that  the  sunspot  cycle  is  clearly  indicated  by  meteorological  data. 
Inasmuch  as  the  14  periodicities  found  in  the  solar-constant  values  are  all  reflected 
in  terrestrial  temperatures  and  rainfall,  the  absence  from  solar  radiation  of  the  most 
well-known  of  all  the  weather  cycles  which  are  aliquot  parts  of  273  months  is  indeed 
singular. 

But  on  further  consideration  the  puzzle  seems  resolved.  Sunspots  are  powerful 
projectors  of  ions,  from  the  solar  surface  quite  to  the  earth’s  atmosphere.  This  is 
proved  by  the  well-known  11^-year  periodicity  in  terrestrial  magnetism,  in  radio  re¬ 
ception,  and  in  the  polar  lights.  Ions,  it  is  well  known,  are  effective  concentration 
nuclei  for  atmospheric  water  vapor.  Hence  it  seems  probable  that  the  main  weather 
effect  of  the  1 1  Fyear  sunspot  cycle  is  to  alter  the  cloudiness  of  the  earth,  and  possibly 


11  Proc.  Nat.  Acad.  Sci.,  vol.  26,  No.  6,  p.  406,  1940. 
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also  the  prevalence  of  ozone  in  the  high  atmosphere.  In  these  ways  the  n-J-year 
cycle  could  be  produced  in  weather,  without  a  corresponding  periodicity  in  the  solar 
constant.  That  this  period  appeared  to  be  found  in  Mount  Wilson  solar-constant  data 
is  not  surprising.  For  those  data  were  not  entirely  free  from  influences  of  the  terres¬ 
trial  atmosphere. 

It  may  be  added  that  after  the  study  of  solar  periodicities  was  completed,  a 
fifteenth  periodicity  near  7.44  months,  or  perhaps  273-4-37,  was  found  in  weather  data. 


SUMMARY  OF  VOLUME  6 

Chapter  i  contains  the  annals  of  successive  years  of  observations  from  1931 
to  1940.  These  accounts  are  quoted  from  Smithsonian  Annual  Reports,  with  slight 
changes. 

Chapter  2  gives  briefly  the  theory  of  solar-constant  determinations. 

Chapter  3  explains  the  error  which  was  committed  in  1923  in  abbreviating  the 
short  method  of  solar-constant  determinations.  To  correct  this  error  it  was  necessary 
to  remeasure  in  the  field  all  holographic  plates  and  then  to  re-reduce  at  Washington 
all  days  of  solar-constant  determinations  made  after  August  1923.  This  included 
upward  of  15,000  separate  determinations,  and  occupied  Messrs.  Aldrich  and  Hoover 
and  Mrs.  Bond  and  Miss  Simpson,  besides  numerous  temporary  computers,  for  over 
2  years.  When  this  task  was  completed,  and  the  results  of  the  several  stations  were 
compared,  many  discrepancies  revealed  themselves,  each  requiring  a  research  in  itself. 
This  occupied  another  year. 

In  chapter  3  discussions  are  given  of  corrections  to  solar-constant  values  on 
account  of  ozone,  water  vapor,  statistical  discrepancies,  sky  brightness,  and  unex¬ 
pected  discontinuities  of  scale.  Numerical  values  are  stated  for  certain  scale  correc¬ 
tions. 

In  chapter  4  we  give  with  great  detail  the  methods  of  observing  and  computing 
the  solar  constant  of  radiation. 

Among  items  stated  in  chapter  4  we  give: 

Locations  of  observing  stations. 

Syllabus  of  solar-constant  determinations. 

Pyrheliometry,  silver-disk. 

Corrections  for  thermometry. 

Statistical  correction. 

Specimen  readings. 

Sky  exposure  and  corrections. 

Personal  equation. 

Accuracy  indicated  by  comparisons. 

Stability  over  long  intervals. 

Pyrheliometry,  Angstrom  type. 

Description  of  instrument. 

Comparison  with  silver-disk. 

Use  as  secondary  instrument. 

Elimination  of  sky  error. 

Spectral-energy  curves. 

Atmospheric  transmission. 

Theory. 

Slide-rule  extrapolator.  Its  accuracy. 

Bolographic  measurements.  Their  correction. 

Band  areas. 

Infrared  and  ultraviolet  not  observed. 

Spectroscopic  transmission. 

The  long  method  of  solar-constant  determination. 
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The  short  method. 

The  function. 

Pyranometer  excess. 

Accuracy. 

Abridged  computations. 

Advantages  of  the  short  over  the  long  method. 

Numerical  examples,  long  and  short  methods. 

Chapter  5  comprises  the  great  table  containing  all  daily  solar-constant  determina¬ 
tions  from  Montezuma,  Table  Mountain,  and  Mount  St.  Katherine,  made  during  the 
interval  August  1923  to  September  1939,  with  description  of  the  table,  and  explana¬ 
tion  of  direct,  “preferred,”  and  “improved  preferred”  values. 

Chapter  6  contains  a  discussion  of  the  results  of  solar-constant  measurements. 

It  includes : 

Accuracy  of  daily  values.  From  616  comparisons  of  values  derived  from  stations 
far  apart,  rejecting  none,  the  probable  mean  accidental  error  of  our  day’s  value  from 
one  station  is  1/6  of  1  percent. 

Wave-length  distribution  of  solar  variation.  From  a  comparison  of  36  days 
of  low  solar-constant  values  with  45  days  of  high  values,  all  by  the  long  method,  the 
variation  of  the  sun,  negligible  for  wave  lengths  exceeding  1.7  microns,  increases  at 
first  gradually,  then  rapidly,  toward  shorter  wave  lengths,  and  reaches  6  percent,  at 
wave  length  0.35  micron,  for  1  percent  change  in  total  radiation.  A  similar  compari¬ 
son  made  with  10  low  days  and  10  high  days,  observed  by  the  short  method,  gave 
closely  agreeing  results,  but  with  less  irregularity.  This  indicates  the  advantage  of 
the  short  method  in  accuracy. 

The  large  variation  for  violet  rays  was  used  as  a  means  to  derive  “improved 
preferred”  daily  values. 

Ten-day  and  monthly  mean  values  are  computed  and  tabulated. 

A  comparison  of  10-day  mean  values,  independently  determined  at  different 
stations,  gives  the  average  percentage  probable  accidental  error  of  the  1  o-day  means 
for  one  individual  station,  as  follows: 

Montezuma  and  Harqua  Hala,  October  1920  to  October  1925,  from  154  deviations,  1/6  of 
1  percent. 

Montezuma  and  Table  Mountain,  January  1926  to  September  1939,  from  403  deviations,  1/9  of 
1  percent. 

Montezuma  and  St.  Katherine,  January  1934  to  December  1937,  from  134  deviations,  1/8  of 
1  percent. 

Hence  for  the  general  run  of  1  o-day  means,  being  usually  derived  from  results  . 
of  two  stations,  the  average  percentage  probable  accidental  error  of  the  work  is  i/20  /  /& 
of  1  percent. 

Seasonal  effects.  Comparing  Montezuma  with  Table  Mountain,  they  being  in 
opposite  hemispheres,  the  average  differences  per  month  of  the  12  months  of  the 
year  are  some  positive,  some  negative.  Their  numerical  values  range  from  0.0003 
to  0.0055  calorie.  Only  in  February,  April,  and  May,  bad  months  at  Table  Mountain, 
do  these  differences  exceed  1/10  of  1  percent.  Comparing  Montezuma  with  St. 
Katherine,  only  4  years  being  available,  the  range  is  the  same,  but  March,  April, 
May,  September,  and  October  show  differences  exceeding  1/10  of  1  percent.  These 
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average  differences  would  however  be  diminished  if  a  longer  interval  had  been  avail¬ 
able.  There  is  no  agreement  in  trend  of  the  signs  of  the  differences,  comparing  T-M 
with  K-M.  This  indicates  no  appreciable  seasonal  error  in  the  solar-constant  results. 

Yearly  mean  values  are  given,  1920  to  1939. 

Daily  values  are  compared,  as  observed  on  the  same  days  by  the  long  and  short 
methods.  The  comparisons  are  tabulated  in  groups  of  25  days  each.  The  results  are 
as  follows: 

Montezuma,  21  groups,  arithmetical  mean  ±0.37  percent,  algebraic  mean  +0.04  percent. 

Table  Mountain,  14  groups,  arithmetical  mean  ±0.50  percent,  algebraic  mean  +0.08  percent. 

St.  Katherine,  8  groups,  arithmetical  mean  ±0.42  percent,  algebraic  mean  —  0.01  percent. 

There  is  no  significant  change  of  the  difference  between  long  and  short  methods  at 
different  seasons  of  the  year. 

Long-range  periodicities  in  solar  variation.  Fourteen  periodicities  ranging  from 
8.12  to  273  months  were  discovered  in  the  solar  variation.  They  were  found  inde¬ 
pendently  by  inspection,  and  evaluated  statistically.  No  tendency  to  change  of  their 
phases  is  apparent.  This  view  is  confirmed  by  tracing  their  meteorological  effects 
since  the  year  1798.  When  synthesized,  these  periodicities  reproduce  the  original 
observed  curve  of  monthly  means,  1920  to  1939,  with  an  average  accidental  range 
of  deviation  of  1/12  of  1  percent.  The  periodicities  appear  to  be  approximately 
integral  submultiples  of  273  months.  A  forecast  of  solar  variation  to  1945  is  given, 
which  presages  large  and  interesting  changes. 

Solar  variation  is  associated  with  solar  rotation.  Greenwich  areas  of  faculae 
are  given  along  with  daily  solar  constants  for  nine  consecutive  solar  rotations.  The 
correlation  is  obvious.  This  investigation  very  strongly  confirms  the  existence  of 
solar  variation. 

Solar  variation  and  sunspot  numbers.  The  n-year  cycle  does  not  appear  as  a 
solar-radiation  periodicity  of  appreciable  amplitude  in  the  years  1920  to  1939.  A 
statistical  study  of  21  groups  of  individual  days  was  made.  Each  group  contained 
many  days,  and  the  groups  gave  average  sunspot  numbers  of  o,  10,  20,  etc.,  to  200.  The 
results  show  considerable  irregularities  from  group  to  group,  but  one  could  hardly 
conclude  that  between  the  years  1920  and  1939  the  sunspot  numbers  showed  any 
marked  correlation  with  the  solar-constant  values. 

Solar  variation  and  the  weather.  We  hope  to  take  up  this  study  more  thoroughly 
and  publish  later.  We  are  convinced  that  the  variation  of  the  sun  is  a  major  cause 
of  weather  which  very  possibly  will  lead  to  valuable  methods  of  long-range  weather 
forecasting.  In  this  connection  we  refer  to  Abbot’s  paper,  “An  Important  Weather 
Element  Hitherto  Generally  Disregarded.”  1 


1  Smithsonian  Misc.  Coll.,  vol.  ioi,  No.  i,  1941. 
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